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ABSTRACT
The m agnet ic  f i e l d  dependences o f  th e  e l e c t r i c a l  and the rm al  
r e s i s t a n c e s ,  the  t h e r m o e l e c t r i c  power, th e  H a l l ,  th e  Righi-Leduc  and 
the  E t t i n g h a u s e n -N e r n s t  e f f e c t s  a t  l i q u i d  hel ium te m p e r a t u r e s  in m agnet ic  
f i e l d s  up t o  I 7 .5  kG, have been s t u d i e d  in a pure  s i n g l e  c r y s t a l  o f  
t i n .  The measurements were taken  w i th  e i t h e r  a c o n s t a n t  h e a t  c u r r e n t  
o r  a c o n s t a n t  e l e c t r i c  c u r r e n t  f lowing  p e r p e n d i c u l a r  t o  t h e  t e t r a g o n a l  
a x i s  and w i th  th e  magnet ic  f i e l d  p a r a l l e l  t o  t h e  t e t r a g o n a l  a x i s .  All  
the  above ment ioned e f f e c t s  showed Shubnikov-de Haas type  o s c i l l a t i o n s .
The e l e c t r i c a l ,  the  H a l l ,  the  th e rm a l ,  and the  R igh i-Leduc  c o n d u c t i v i t i e s  
showed s a t u r a t i o n  e f f e c t s  around 11 kG. Both the  H a l l  and th e  R ig h i -  
Leduc c o n d u c t i v i t i e s  were n e g a t iv e  in the  e n t i r e  f i e l d  o f  measurement.
The t h e r m o e l e c t r i c  power and th e  E t t i n g h a u s e n - N e r n s t  e f f e c t s  were p u r e ly  
o s c i l l a t o r y .  The l o n g i t u d i n a l  and t r a n s v e r s e  Lorenz numbers showed 
complex b eh av io r s  s u g g e s t in g  t h a t  the  l a t t i c e  c o n d u c t i v i t y  i s  not n e c e s s a r i l y  
f i e l d  independen t .  Seve ra l  p o s s i b l e  approaches  t o  e x p l a i n  the  b e h av io r  o f  
the  l a t t i c e  c o n d u c t i v i t y  were c o n s id e r e d .  Attempt was made t o  f i t  the  
c o n d u c t i v i t y  c o e f f i c i e n t s  to  Sondheimer-WiIson th e o r y  in terms o f  a 
fou r -b an d  model.  The f r e e - e l e c t r o n  model o f  Gold and P r i e s t l e y  was com­
pared  w i th  the  d i f f e r e n t  c o n d u c t i v i t y  bands and good agreement  was o b ta in e d  
when t h e i r  e f f e c t i v e  masses were compared w i th  th o se  from th e  f r e e -  
e l e c t r o n  model a s  w e l l  as  w i th  t h e i r  de Haas-van Alphen e f f e c t  d a t a .  A
c o n s t a n t  term o f  CJ ̂   ̂(H = °°) su g g es te d  t h e  p o s s i b i l i t i e s  f o r  open o r b i t  
a long  the  b a s a l  p la n e  e i t h e r  due to  ( l )  f i e l d  m isa l ig n m en t ,  o r  (2 ) 
m agnet ic  breakdown. The a m p l i tu d e s  o f  o s c i l l a t i o n s  in t h e  k i n e t i c  
c o e f f i c i e n t s  r e l a t i n g  f l u x e s  to  a f f i n i t i e s  were s t u d i e d  in terms o f  
the  L i f s h i t z - K o s e v i c h ,  th e  Z i 11 berman-Horton,  and the  Adams-Hols te in  
t h e o r i e s  and o s c i l l a t i o n s  in the  d e n s i t y  o f  s t a t e s .  The e x p e r im e n ta l  
a m p l i tu d e s  were,  in a l l  c a s e s ,  s e v e r a l  o rd e r s  l a r g e r  than t h e i r  
c o r r e sp o n d in g  t h e o r e t i c a l  a m p l i tu d e s .  The f a i l u r e  o f  t h e se  t h e o r i e s  
t o  e x p l a i n  th e  l a r g e  o s c i l l a t i o n s  in th e  t r a n s p o r t  e f f e c t s  in t i n  
s u g g e s t s  a g a in  t h a t  m agnet ic  breakdown could  enhance th e  o s c i l l a t o r y  
e f f e c t s .  Sources  o f  the  m agnet ic  breakdown e f f e c t  were ana lyzed  in 
terms of  th e  random walk o f  the  e l e c t r o n s  and the  e l e c t r o n  o r b i t  
s h i f t i n g  from e l e c t r o n  o r b i t  to  the  f r e a k  o r b i t  ( i )  in zone k ( a )  
o f  Gold and P r i e s t l e y ' s  f r e e  e l e c t r o n  model.
x
CHAPTER I
THE DYNAMICAL EQUATIONS FOR THE GALVANOMAGNETIC
AND THE THERMOMAGNETIC EFFECTS
This work i s  a s tudy  of  t h e  ga lvanom agne t ic  and th e  thermomagnetic 
e f f e c t s  in a pure  s i n g l e  c r y s t a l  o f  t i n .  The ga lvanom agne t ic  e f f e c t s ,  
i . e .  th e  e l e c t r i c a l  f i e l d  Ei, th e  t e m p e r a t u r e  g r a d i e n t  -G and the  hea t  
c u r r e n t  d e n s i t y  w, in a t r a n s v e r s e  m agne t ic  f i e l d ,  a r i s e  when the  
pr imary  c u r r e n t  i s  e l e c t r i c a l  c u r r e n t  ( c u r r e n t  d e n s i t y  *J) .  In th e  same 
way, th e  thermomagnetic e f f e c t s ,  i . e .  the  e l e c t r i c  f i e l d  £ ,  the  tempera­
tu r e  g r a d i e n t  -G and th e  e l e c t r i c  c u r r e n t  d e n s i t y  J in  a t r a n s v e r s e  
magnet ic  f i e l d ,  a r i s e  when the  p r im a ry  c u r r e n t  i s  h e a t  c u r r e n t  ( c u r r e n t  
densi  ty  w).
I t  may be shown t h a t  the  e l e c t r i c  f i e l d  E, th e  t e m p e ra tu re  g r a d i e n t  
-G, the  e l e c t r i c  c u r r e n t  d e n s i t y  Ĵ, and the  h e a t  c u r r e n t  d e n s i t y  w a r e  
r e l a t e d  th rough two l i n e a r  v e c t o r  e q u a t i o n s  in which any two o f  the  
q u a n t i t i e s  can be r e p r e s e n te d  a s  a l i n e a r  f u n c t i o n  of  the  o t h e r  two.
it
In the  f i r s t  i n s t a n c e ,  bo th  f l u x e s  J and w may be e x p re s sed  as  a
it -1 1 2
f u n c t io n  of  the  two a f f i n i t i e s  Ei , GJ in t h e  t e n s o r i a l  form * :
J = a  E* -  e"G .
( 1)
it * ic **
w = -jt"E + X"G
1H. B. C a l len ,  Phys.  Rev. 13^9 (19^8) ;  8£ ,  16 (1952).
^J .  P. Jan ,  in S o l i d  S t a t e  P h y s i c s ,  Vol.  5; ed s .  F. S e i t z  and D. 




where E and w a r e  the  m odif ied  e l e c t r i c  f i e l d  and th e  h e a t  c u r r e n t
A  A  ^  A
d e n s i t y  r e s p e c t i v e l y .  The (J, e",  *" and X" t e n s o r s  a r e  c a l l e d  th e
i s o th e rm a l  e l e c t r i c a l  c o n d u c t i v i t y  t e n s o r ,  the  t h e r m o e l e c t r i c  t e n s o r ,
the  P e l t i e r  t e n s o r ,  and the  i s o p o t e n t i a l  thermal c o n d u c t i v i t y  t e n s o r ,
r e s p e c t i v e l y ;  they  comprise  a group of  t e n s o r s  c a l l e d  th e  " k i n e t i c "
c o e f f i c i e n t s  o f  the  t r a n s p o r t  e f f e c t s .  The f i e l d  v e c t o r s  £  and G
a r e  not in  g e n e ra l  p a r a l l e l  t o  the  c u r r e n t  v e c to r s  J. and w.
ic
The m od if ied  e l e c t r i c  f i e l d  E i s  the  n e g a t i v e  g r a d i e n t  o f  the  
e l e c t r o c h e m i c a l  p o t e n t i a l  e where e V  i s  the  sum o f  t h e  e l e c t r o ­
s t a t i c  p o t e n t i a l  <p and chemical p o t e n t i a l  e V  . For m e ta l s  p. i s  ac c
f u n c t i o n  o f  th e  t em pera tu re  and e l e c t r o n  c o n c e n t r a t i o n ,  and in th e  case
o f  f r e e  e l e c t r o n  th e o ry ,  p r e p r e s e n t s  the  Fermi e n e r g y .c
Then
ic -1
E = E -  e grad p. (2)&
ic
where £  i s  the  e l e c t r o s t a t i c  f i e l d ,  w , on the  o t h e r  hand, r e p r e s e n t s  
the  e n t r o p y  c u r r e n t  d e n s i t y  t imes  the  a b s o l u t e  t e m p e r a t u r e ,  so  t h a t
w'f = w + e V  J (3 )
where w is  the  h ea t  ( k i n e t i c  energy)  c u r r e n t  d e n s i t y  and th e  second 
term on th e  r i g h t  hand s id e  o f  Eq. (3 ) i s  th e  c u r r e n t  d e n s i t y  o f  Fermi 
energy .  The dynamical equa t ions ,  a s  e x p re s s ed  in t h e  form o f  Eq. (1 ) ,  
co r re spond  to  the  u su a l  form as  o b ta in e d  from most k i n e t i c  t h e o r i e s  so 
t h a t  t h e o r e t i c a l  a n a l y s i s  can be d i r e c t l y  performed on th e  t e n s o r  
c o e f f i c i e n t s  in Eq. ( l ) .  These t e n s o r s  a r e  sums o f  t h e  c o n t r i b u t i o n s  o f  
the  d i f f e r e n t  c a r r i e r s  on the  assum pt ion  o f  independent  c a r r i e r s .  From 
the  p o i n t  o f  view of  an e x p e r i m e n t a l i s t  who measures  r e s i s t i v i t i e s ,  a 
second s e t  o f  l i n e a r  dynamical e q u a t i o n s  can be w r i t t e n  in th e  form:
where p i s  th e  i s o th e rm a l  e l e c t r i c a l  r e s i s t i v i t y  t e n s o r ,  e i s  t h e  a b s o l u t e
*  A
t h e r m o e l e c t r i c  t e n s o r ,  it i s  the  i so th e rm a l  P e l t i e r  t e n s o r ,  and X is  th e  
the rm al  c o n d u c t i v i t y  t e n s o r ;  they  comprise  a group o f  t e n s o r s  c a l l e d  
" i s o t h e r m a l "  c o e f f i c i e n t s .  The advan tages  o f  u s in g  such a s e t  o f  t e n s o r s
- • O It
have been p o in t e d  ou t  by Mazur and P r ig o g in e  and C a l len .  I t  may be 
no ted  here  t h a t  in com puta t ion  o f  the  t h e r m o e l e c t r i c  power which t a k e s  
p l a c e  in the  j u n c t i o n  o f  two d i f f e r e n t  s u b s t a n c e s ,  we r e p l a c e  e  by
s, - v  (5)
A
where e r e f e r s  to  th e  sample and eD r e f e r s  to  th e  copper l e a d s ,  s D
S u b je c t  t o  the  p r e s e n t  c o n d i t i o n s  o f  measurement o f  th e  thermo­
e l e c t r i c  and the  thermomagnetic  e f f e c t s ,  where e i t h e r  the  h e a t  c u r r e n t  
o r  the  e l e c t r i c  c u r r e n t  i s  imposed on the c r y s t a l  and the  p o t e n t i a l  and 
th e  t e m p e ra tu re  d i f f e r e n c e s  a r e  measured,  a t h i r d  s e t  o f  l i n e a r  e q u a t i o n s  
can be r e p r e s e n t e d  by
E* = p '  J  + e '  w* ,
*, , * * (6)6 = it' J + y  w ,
A  | A  A  A
where p , e 1, n '  and y  a r e  th e  a d i a b a t i c  e l e c t r i c a l  r e s i s t i v i t y  t e n s o r ,  
th e  t h e r m o e l e c t r i c  t e n s o r ,  t h e  P e l t i e r  t e n s o r  and th e  the rm al  r e s i s t i v i t y  
t e n s o r  r e s p e c t i v e l y .  They comprise  a group c a l l e d  a d i a b a t i c  c o e f f i c i e n t s .
^P. Mazur and I .  P r ig o g in e ,  J .  Phys. Radium 12,  6 l 6 ( 1 9 5 0  • 
^H. B. C a l l e n ,  Phys. Rev. 8£j, 16 (1952).
1
}
G2 = 0 : isothermal 
W2 s 0 : adiabatic
Transverse effect: 
^  Ez or G2
Longitudinal "  ^  
effect: E |,G |,or wi
Given primary^ . 
quantity: j | ,  w, ,o r  G,
(a) = a
0 3 1
Symmetry R e l a t i o n s
In the  ca se  o f  a t i n  c r y s t a l  i t  may be shown t h a t  i f  the  magnet ic  
f i e l d  i s  d i r e c t e d  a lo n g  th e  t e t r a g o n a l  a x i s  and i f  t h i s  a x i s  i s  p e rp e n d i -  
c u l a r  t o  the  f ace  o f  t h e  c r y s t a l  w h i l e  th e  f l u x e s  a r e  c o n f in e d  t o  the  
b a s a l  p la n e ,  a l l  o f  th e  above m ent ioned  t e n s o r s  can be s i m p l i f i e d  and 
reduced to  the form:
(7)
'  v
where a ^  and a ^  a r e  the  c o r r e sp o n d i n g  e lem en ts  o f  t h e  above t e n s o r s  and 
a r e  even and odd f u n c t i o n s  o f  the  f i e l d ,  r e s p e c t i v e l y .  They a r e  fsomor-
<5
ph ic  t o  the  complex numbers and have been used  in s i m i l a r  o p e r a t i o n s .
O n saq e r1s Kelv in  R e l a t i o n s
I f  in the  l i n e a r  k i n e t i c  e q u a t i o n s  (Eq. ( l ) )  L.. r e p r e s e n t s  the
J K
c o e f f i c i e n t  r e l a t i n g  th e  j t h  f l u x  component t o  the  k th  a f f i n i t y  component,
£
O n sag e r ' s  theorem can be w r i t t e n  as
Lj k < He> = Lk j (- He ) ’ <8 >
i . e .  the  va lue  of  th e  k i n e t i c  c o e f f i c i e n t  measured in an e x t e r n a l
magnet ic  f i e l d  H i s  i d e n t i c a l  t o  t h e  v a lu e  o f  the  c o e f f i c i e n t  L. .6 Kl
measured in the  r e v e r se d  m agne t ic  f i e l d  “ H • Thus,  t h e r e  e x i s t s  a 
symmetry between th e  l i n e a r  e f f e c t  o f  t h e  j t h  a f f i n i t y  on th e  k th  f l u x
5 C. G. G re n ie r ,  N. H. Zebouni and J .  M. Reynolds,  Phys. Rev. 129, 
1088 (1963).
6 L. Onsager,  Phys. Rev. 32> k 0 ^ -k 2 6 ( 1 9 3 D ;  2265 (193D-
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and th e  l i n e a r  e f f e c t  o f  the  k th  a f f i n i t y  on t h e  j t h  f l u x  when th e se  
e f f e c t s  a r e  measured in o p p o s i t e  magnet ic  f i e l d .
O n sag e r ' s  r e l a t i o n s ,  when a p p l i e d  to  t h e  e l e c t r i c a l  and the 
thermal  c o n d u c t i v i t i e s ,  w i l l  l ead  to
(9)
c r . . (H) = c r . .  ( - H )  ,
i j  J i
X V . (H) = X V . ( — H) ,
i j  J i
and when a p p l i e d  to  the  t h e r m o e l e c t r i c  and t h e  P e l t i e r  k i n e t i c  
c o e f f i c i e n t s  w i l l  lead  to
TeV j (H) = jtV. ( -H )  . (1 0 )
I t  may a l s o  be seen ,  fo r  example, t h a t  t h e  r e l a t i o n  (10) and
(7) w i l l  lead  to Te" = 5"  . Now th e re  e x i s t s  s im p le  r e l a t i o n s  between
d i f f e r e n t  t e n s o r s ,  namely,
5  = P_1 , ( 11a)
X = y _1 , ( l i b )
e = X e 1 , • ( 11c)
= a  e . ( l i d )
I t  may be noted  t h a t  f o r  most a p p l i c a t i o n s  X "  = X . A lso  i t  should  
be noted t h a t  the  thermocouple  e f f e c t  should  be  taken  i n t o  accoun t  by
A  ^  ^  M V A .
us ing  e = X e + 1 eD i n s t e a d  of Eq. (11c) where e i s  t h e  ■3 exp B exp
e x p e r i m e n t a l l y  measured q u a n t i t y  and is  d e f i n e d  in  Eq. (5 ) .
Using complex number a l g e b r a ,  Eq. (7) ,  t h e  c o e f f i c i e n t  o f  Eq. (1 l a ) 
can be w r i t t e n  as  fo l low s :
° i j  = ■-  P J - 2 ■ <12>
P 11 + P21
An i d e n t i c a l  e x p r e s s i o n  f o r  A . ,  i s  found in a s i m i l a r  way from 
Eq. ( l i b ) .
The r e l a t i o n s  in Eq. (11) would a l lo w  us t o  compute any o f  th e
A A A
k i n e t i c  c o e f f i c i e n t s  o f  th e  t e n s o r s  or, A", e" when a s u i t a b l e  s e t  of 
e x p e r im e n t a l  c o e f f i c i e n t s  is  chosen.  The e x p e r im e n t a l  s e t  ad ap ted  i s  
shown in Table  I.
Wiedemann-Franz Law and Lorenz Number
The Wiedemann-Franz law s t a t e s  t h a t  the  r a t i o  o f  the  e l e c t r o n i c  
the rm al  c o n d u c t i v i t y  and the  e l e c t r i c a l  c o n d u c t i v i t y  i s  d i r e c t l y  
p r o p o r t i o n a l  to  th e  a b s o l u t e  t em pera tu re  T. Thus,
£ e ~ * e  = L T ^  * (13)
The c o n s t a n t  L is  c a l l e d  the  Lorenz number and i t s  f r e e  e l e c t r o n  va lue  
i s
2
L = ( j ) 2 = 2.45 x 10 ^v2/ d e g r e e 2 . (14)n j  6
D epar tu re  from t h i s  s imple  law may occur  f o r  a number o f  r e a so n s ,
one o f  which i s  t h a t  h e a t  i s  t r a n s p o r t e d  by bo th  e l e c t r o n s  and l a t t i c e
v i b r a t i o n s .  The measured thermal  c o n d u c t i v i t y  in c lu d e s  both  e l e c t r o n i c
and l a t t i c e  c o n t r i b u t i o n s ,  whereas the  above law h o ld s  on ly  f o r  the
e l e c t r o n i c  p a r t .  The law is  a l s o  very  s e n s i t i v e  t o  the  e l e c t r o n
s c a t t e r i n g  p ro c e s s e s  which l i m i t  the  c o n d u c t i v i t i e s .  I t  has been shown 
n
by Kohler t h a t  the  Wiedemann-Franz law shou ld  hold in a s i n g l e  c r y s t a l  
f o r  a r b i t r a r y  o r i e n t a t i o n  o f  the  magnet ic  f i e l d  i f  t h e  c onduc t ion
^M. Kohler,  Ann. P h y s i k 4 6 ,  601 (1941).
TABLE l a
Name Measured C o e f f i c i e n t Condi t i o n s
I so th e rm a l  E l e c t r i c a l
R e s i s t i v i t y p l l "  El / J l J 2 G1 = G2
=2 0
Iso the rm a l  Hal l
R e s i s t i v i  ty P2 l "  V J 1 J 2 = G1 “ G2
zz 0
A d i a b a t i c  Thermal
Res i s t i  vi t y ^11 = Gu / Wl J 1 = c
_
IV
) n W2 =
rt * 
Wg = 0
A d i a b a t i c  Righi-Leduc *
R e s i s t i v i  ty *21 = g12/ wi J 1 = J 2 w2 -
w2  = 0
A d i a b a t i c  T h e r m o e le c t r i c * , *C o e f f i c i e n t € l l = Ej /Wj J 1 = J 2 = W2
w_ = 0 
2
A d i a b a t i c  E t t i n g s h a u s e n - ic *
N ern s t  C o e f f i c i e n t e2 l "  E2/Wl J l = J 2 w2 = w2  = 0
a |n  th e  above e f f e c t s ,  the  i so th e rm a l  c o n d i t i o n  r e f e r s  to. = 0 
and a d i a b a t i c  c o n d i t i o n  to  Wg = 0 .
e l e c t r o n s  a r e  s c a t t e r e d  w i th  n e g l i g i b l e  change o f  en e rg y .  Thus, when 
i m p u r i t i e s  and  l a t t i c e  d e f e c t s  a r e  l i m i t i n g  th e  c o n d u c t i v i t i e s ,  then 
good agreement  shou ld  e f f e c t i v e l y  be a t t a i n e d .  That w i l l  be th e  c a se  
a t  a s u f f i c i e n t l y  low t e m p e ra tu re  and s i n c e  f o r  low te m p e ra tu re  a l s o  
the  l a t t i c e  c o n t r i b u t i o n  may tend  t o  be n e g l i g i b l e  r e l a t i v e  to  the  
e l e c t r o n i c  c o n t r i b u t i o n  a good g e n e r a l  agreement i s  o b t a in e d .  The 
d e p a r t u r e  from th e  s im ple  law (Eq. 13) i s  o f  p a r t i c u l a r  i n t e r e s t  and 
w i l l  be emphasized  in the  d i s c u s s i o n .
T r a n s p o r t  T heo r ie s
1. Modi f i e d  Sondheimer-WiIson Theory 
The monotonic  components o f  the  t r a n s p o r t  e f f e c t s  can be ana lyzed
g
in  te rms o f  a m o d i f ied  Sondheimer-WiIson th e o ry .
Using q u a s i - c l a s s i c a l  approach  ( n e g l e c t i n g  Landau q u a n t i z a t i o n )  and 
i s o t r o p i c  t ime  o f  r e l a x a t i o n ,  independent  o f  energy ,  and assuming 
p a r a b o l i c  e n e rg y  bands w i th  sharp  Fermi d i s t r i b u t i o n  f u n c t i o n s ,  we can 
a r r i v e  a t  a s o l u t i o n  of  the  Sondheimer-WiIson th eo ry  which f o r  the  
e l e c t r i c a l  c o n d u c t i v i t i e s  can be fo rm u la ted  on the  fo l lo w in g  forms:
(J , ,  = ec  S  a .n .H .L .  ,11 1 1 1 1 ’
(15)
CT12/H = ec  S i ±  n j L] >
where
e = th e  a b s o l u t e  v a lu e  o f  th e  charge  o f  the  c a r r i e r s ,
+ f o r  h o l e s ,
g
A. H. Wilson, The Theory o f  Meta ls  (Cambridge U n i v e r s i t y  P r e s s ,  
1953),  2nd ed .
- for e lec tr o n s ,
n. = the  number o f  c a r r i e r s  in the  i t h  band,
*
cm.
H. = ^ r *  = th e  s a t u r a t i o n  f i e l d ,  i n v e r s l y  p r o p o r t i o n a l  t o  the  
i
m obil i ty  o f  the carr iers  where m. is the e f f e c t i v e  mass of  
the ca rr iers  and T. is  re laxation time,i 7
L. = (H2 + H.2 ) * = t h e  Loren tz  term,
a .  = f a c t o r  i n t r o d u c e d  t o  a cco u n t  f o r  the  e x i s t e n c e  o f  n o n c i r c u l a r  
o rb i  t s .
Under the  above c o n d i t i o n s  and w i th  the  a d d i t i o n a l  assum pt ions  t h a t  
the  t imes  o f  r e l a x a t i o n  f o r  both  th e  e l e c t r i c a l  and the  the rm al  p r o c e s s e s  
a r e  e q u a l ,  we have f o r
e l ' / H  = -  I  n2k2c T E  b .Z .L .12 3 i i i
= " o «2k2e T L (± )c .Z .H .L .  ,11 3 '  i i i i ’
( 16)
where c .  and b. a r e  two a d j u s t a b l e  p a ra m e te r s  and Zj is  the  d e n s i t y  of
s t a t e s  in band i a t  z e r o  f i e l d  on th e  Fermi s u r f a c e s .  Expres s ions  f o r
Aj j  and s i m i l a r  t o  Eq. (15) can a l s o  be w r i t t e n .  Here,  under  the
a ssum pt ions  used in t h e  Sondheimer-WiIson th e o ry ,  the  Wiedemann-Franz 
* * ^
law ho lds  wi th  A A" = L T cr f o r  the  e l e c t r o n  c o n t r i b u t i o n  to  thee e  n
thermal c o n d u c t i v i t y .
In p r i n c i p l e  t h e  range of  a p p l i c a t i o n  o f  Eqs. (15) and (16) would 
be r e s t r i c t e d  t o  sm al l  f i e l d  (H «  H.) bu t  a p p a r e n t l y  t h i s  c o n d i t i o n
does not seem t o  be c r i t i c a l  f o r  most f i e l d  ranges .
2. Theories Related to  the O s c i l la to ry  Tensor Coeffic ients
The de Haas-van Alphen type o s c i l l a t i o n s  seen  in s t r o n g  magnet ic  
f i e l d s  in the  d i f f e r e n t  t r a n s p o r t  c o e f f i c i e n t s  a r e  e s s e n t i a l l y  due to  
the  e f f e c t s  o f  Landau q u a n t i z a t i o n .  The s t a t e s  o f  t h e  e l e c t r o n s  in a 
magnet ic  f i e l d ,  in  a p la n e  p e r p e n d i c u l a r  t o  the  d i r e c t i o n  o f  H, a r e  
q u a n t i z ed  in momentum s p ace .  I t  may be shown t h a t  a l l  the  p h y s ic a l  
q u a n t i t i e s  t h a t  depend on th e  d i s t r i b u t i o n  o f  the  e l e c t r o n s  in the  
q u a n t i z e d  l e v e l s  w i l l  o s c i l l a t e  upon a change in H w i th  a p e r i o d i c i t y  
in H
In view o f  the  c o m p l ic a te d  dependence o f  the  t r a n s p o r t  e f f e c t s  
on the  e l e c t r o n  s t a t e  d i s t r i b u t i o n ,  the  o s c i l l a t i o n s  in  some s p e c i f i c  
e f f e c t s  w i l l  a r i s e  th rough  d i f f e r e n t  terms and the  main d i f f e r e n c e  
among d i f f e r e n t  t h e o r i e s  would be to  emphasize  th e  importance o f  one 
p a r t i c u l a r  term, o r  a p a r t i c u l a r  p o i n t  o f  view, a s ,  f o r  example,  
emphasis i s  g iven  t o  th e  e f f e c t  o f  the  q u a n t i z a t i o n  on the  c a r r i e r  
band p o p u l a t i o n ,  o r  t o  the  e f f e c t  o f  t h e  s c a t t e r i n g  on the  p r o b a b i l i t y  
o f  t r a n s i t i o n  from one l e v e l  to  the  nex t  o r  t o  th e  e f f e c t  o f  s c a t t e r i n g  
w i th in  a Landau l e v e l  on th e  b roaden ing  of  t h a t  l e v e l .
rwA. L i f s h i t z - K o s e v i c h  Theory f o r  and or^
From the  p o i n t  o f  view of  th e  e f f e c t  of  the  q u a n t i z a t i o n  on the
c a r r i e r  band p o p u l a t i o n ,  a t h e o r e t i c a l  e x p l a n a t i o n  of  the  o s c i l l a t i o n s
9 10was f i r s t  g iven  by Blackman and Levinger and Grimsal and l a t e r  by
^M. Blackman, Proc.  Roy. Soc. (London) Al6 6 , 1 (1938).
^ J .  S. Lev inger  and E. Grim sal,  Phys. Rev. %k, 772 (195*0-
L i f s h i t z  and Kosevich. 11 L i f s h i t z  and Kosevich r e l a t e d  t h e  f i e l d
dependence o f  the  c o n d u c t i v i t y  t e n s o r  o s c i l l a t i o n s  t o  the  o s c i l l a t o r y  
f i e l d  change in c a r r i e r  p o p u l a t i o n  o f  th e  d i f f e r e n t  bands and o f  t h e i r  
energy  dependent c l a s s i c a l  m o b i l i t y .  C o r r e l a t i o n  between th e  o s c i l l a t i o n  
in cr and the  s u s c e p t i b i l i t y  is  t h e r e b y  o b t a i n e d .
In t h e i r  t h e o ry ,  th e  o s c i l l a t o r y  c o n d u c t i v i t y  t e n s o r  i s  composed 
o f  two terms
The f i r s t  term on th e  r i g h t  hand s i d e  i s  due t o  the  o s c i l l a t i o n s  of
the  number o f  c a r r i e r s  in th e  v a r i o u s  bands assuming c o n s t a n t  Fermi
energy  £ , and th e  second term i s  due t o  th e  o s c i l l a t i o n s  o f  the  number
of  c a r r i e r s  in d i f f e r e n t  bands w i t h  changing  Fermi energy .  The f i r s t
term thus  becomes
A o ' = £ .  q“ ? n .  ( 18)
a P  J > J  J
where n.  r e p r e s e n t s  t h e  o s c i l l a t i o n s  in t h e  number o f  c a r r i e r s  in the
j t h  band which a r e  r e s p o n s i b l e  f o r  o s c i l l a t i o n s  f o r  .£ = c o n s t  and
is  th e  m o b i l i t y  c o r r e sp o n d in g  t o  t h e  e x t re m a l  c r o s s - s e c t i o n  of  the
pocket  p e r p e n d i c u l a r  t o  the  a p p l i e d  f i e l d .
P e r t a i n i n g  t o  the  p r e s e n t  e x p e r im e n t ,  in which the  band r e s p o n s ib l e
12f o r  o s c i l l a t i o n  i s  most p robab ly  o f  c y l i n d r i c a l  shape ,  the  e x p r e s s io n
n i s  found by e x te n d i n g  L i f s h i t z - K o s e v i c h  th e o ry  f o r  m agnet ic  sus-
H ' l .  L i f s h i t z  and L. M. Kosev ich ,  S o v ie t  Phys. — JETP 6 , 67 (1958).
(17)
13c e p t i b i l i t y  to  a c y l i n d r i c a l  Fermi s u r f a c e  scheme.
V. Gold and M. G. P r i e s t l e y ,  P h i l .  Mag. 1089 ( I960).
1Ĵ N. H. Zebouni.  P r i v a t e  Communication.
The thermodynamic p o te n t ia l is :
0  = -  0 E  l n { l  + e x p ^ " E^s ^ }  ( 19)
where 0 = kt  and E(s) i s  the  ene rgy  o f  an e l e c t r o n ,  g iven  by E ( s ) =
En ^ z *  ^  ^  ^ o  num^ e r  ° f  s t a t e s  o f  momentum pz in t h e  i n t e r v a l
(pz > Pz + dpz ) f o r  a g iven  s t a t e  n and  g iven  sp in  i s
.. eH
V  ' " ' f t p  d p z  k iC h2c
T h e re fo re  Eq. (19) t a k es  th e  form
CO 00
0 = -  - — 5-  x 2 x E  J' In (1 + e x p (^ " E n ) /0 )dp (20)
k i t h  r  —« —  Zn=0 - 00
where sp in  is  taken i n t o  a cc o u n t .  Using P o i s s o n ' s  summation, Eq. (20) 
reduces  t o  the form
O = -  — ^ j r  ( J ,  + 2 Re S  J )
2n %  c 1 M M
I t  can be r e a d i l y  seen t h a t  the  f i r s t  component c o n t r i b u t e s  on ly
to  the  paramagnetism and hence i s  n e g l e c t e d .  In the  second term 
i s  g iven  by
J M -  - a s -  j "d E  l n [ l  + e x p « - E) / 9 ] x J  dp (| D e x p [ ( iM c /sh H )S (E ) -2xMir] 
M 2*ehH 0 s i o  z 8E
(21)
where y  i s  an a d j u s t a b l e  p a ram e te r ;  f o r  f r e e  e l e c t r o n s  y  = 1/ 2 . 
Assuming S independent o f  pz and i n t e g r a t i n g  by p a r t s :
0C ( & p  ) 00 * V iU  - M
J M = — H T  «  5  ^  “ p ' S h  s ( e )  •
2rtenH o
14
where g(E, £) = (1 + e ^ n * . Using th e  s u b s t i t u t i o n s  S (E )  =
JU ^  ^
2 m  E and eh/m c = p , one o b t a i n s
0C(Apz ) co i ^  e
H " V  •  ^  ■ M ’ s)
-  f j £  l n ( l  + } , (23)
a n  VeH „ ®c C^PZ) eht|  “  J E 3
N “ " w  = " I T "  ReL s  *■ 7 m£ J dE e exPL2rtcM(-v— -  y ) ]  $
Q A C  2*ehH M lMc o 0 p H C
- f ^ i <1 + e ' c / V e ' 2”Mir»  . ( * )
S o lu t io n  o f  t h e  in n e r  i n t e g r a l  reduces  Eq. (24) t o  t h e  form
, VeH 0C ^ P Z) “  ehH f r .  n /  C \ * n MXN = ■ "P P ------------  S  Tj-r [cos [2nM (-r ------y )  + -  ]
rt%i2c 2irehH M=1 p H  2 s i n  hMX
+ (1 + e ^ 0 ) 1cos(2«My + -|) } ,
2rt2kT where A = — r —  .
4%
P H
Taking on ly  t h e  f i r s t  term, (M = 1),  one o b t a i n s
N =   5^2 (Ap ) [ c o s  2 n ( - i -  -  y  + £)  ̂  + (1 + e"C /0 ) 1
2rtJh^c  Z p H 4 s i n  hA
cos 2rt(y + ^ ) ]
So, the  o s c i l l a t o r y  component is
.. VsHtl \  X /2fl Jt\ / \
2n3h 3Q  ̂ Pz^ s i n  hX C0S^PH " 2  ̂ ^
f o r  y  = 1/2.  Assuming t h e r e  a r e  p (number o f )  c y l i n d e r s ,  the  am p l i tu d e
o f the o s c i l la to r y  number o f c a r r ie rs  per u n it  volume is
Ini . (35)
14The p e r i o d  of  o s c i l l a t i o n s  in 1/H i s  g iven by the  Onsager and 
15Li f s h i  t z  formula
P e r iod  = A ( ± )  = , (27)
m
where = the  e x t re m a l  c r o s s - s e c t i o n a l  a r e a  p e r p e n d i c u l a r  t o  the
f i e l d .
The l e n g th  o f  th e  c y l i n d e r  a s  found from Gold and P r i e s t l e y ' s
m o d e l ^  i s
o o
where a = 5*82 A and c = 3 . I 8 A a r e  th e  l a t t i c e  c o n s t a n t s .
R e f e r r i n g  back t o  Eq. ( I 7) ,  the  second term on the  r i g h t  hand s i d e
i s
V „ B-  •  [?  (3clTP /3C)Ni + E z . ] ' 1 E "1 » (2 8 )1 u p  |  1 I j  I I I I J
where i and j  a r e  summed ove r  a l l  bands,  i s  th e  c l a s s i c a l
m o b i l i t y  t e n s o r  o f  the  i t h  band, and N. i s  the  number o f  s t a t e s  in 
z e r o  m agnet ic  f i e l d .
^ L .  Onsager,  P h i l .  Mag. 42., 1006 (1952).
15M .  M. Li f s h i  t z ,  n o te s  added in p ro o f  o f  D. Shoenberg,  P ro g re s s  
in Low Tempera ture  P h y s i c s .  Vol.  (I  (Amsterdam: North-Hol land  P u b l i s h in g
Company, 1957);  P* 22o.
B. Horton and Z i l 'b e r m a n  Theory fo r  a ^
The e f f e c t  o f  t h e  s c a t t e r i n g  on the  p r o b a b i l i t y  of  t r a n s i t i o n  o f
16
an e l e c t r o n  from one Landau l e v e l  to  the  n ex t  led  Z i l 'b e rm an  t o  an
e x p r e s s io n  f o r  t h e  t r a n s v e r s e  c o n d u c t i v i t y  c r ^  and the  t h e r m o e l e c t r i c
e f f e c t  e ' jj  o s c i l l a t i o n s .  Th is  p o i n t  o f  view was ex tended by th e  use
I tof  d e n s i t y  m a t r i x  c om pu ta t ion  by Horton, 1 who th e re b y  o b ta in e d  ex­
p r e s s i o n s  fo r  a l l  t h e  t r a n s p o r t  c o e f f i c i e n t s .  The e x p re s s io n s  a s  
o b ta in e d  by Horton f o r  CTjj, <7̂  e ' ^ ,  K” a r e  g iven  in Eqs. (29)"  (32) 
where o n ly  the  f i r s t  term o f  the  F o u r ie r  s e r i e s  has been kep t .
^11  = P T  (P j H>1 / 2 --- —  ] cos (8 -  *) ; (29)
J J sinhX.
J
"12  = 5 12 j (Pj H) 1/ 2 c os <8 - !> •> (30)
1'l' j  = (P H ) ' 1 / 2 (--- - Xj- th- -i) ]  c o s (5 + S) ; (3 1 )
J  J  X . s i n h X .
J J
12 -  '1 2  i ( r ) 2c2 i ( p rH> '1 /2  -  -  a « )  . (3 2 )
12 12 J H 5 J X.s inhX. 4
J J
e ',' =  e "
Here P. r e p r e s e n t s  t h e  p e r i o d  of  the  j t h  band, 5 = 2it/P.H and
2Xj = (2rt kT ) /p  H as  b e f o r e .  The Z i l 'b e rm a n  e x p r e s s io n  f o r  i s  
s i m i l a r  t o  Eq. (29) e x c e p t  t h a t  th e  X/sinhX term is  r ep laced  by 
2Xe ^  (Note: X /s inhX 2Xe ^  f o r  X >  1) .  S im i l a r  e x p re s s io n s  f o r
^ E .  Z i l ' b e r m a n ,  S o v ie t  Phys ics r -JETP  2, 65O (1956).
17'P. B. Hor ton,  Ph.D. D i s s e r t a t i o n ,  Louis iana  S t a t e  U n i v e r s i t y ,
(1964).
CTj j  were a l s o  o b t a in e d  by Adams and H o l s t e i n , * ^  and by S k o b o v ^
e x c e p t  f o r  an e r r o r  o f  a c o e f f i c i e n t  2 in  Adams and H o l s t e i n  formula .
POThis  e r r o r  i s  n o ted ,  f o r  example,  by Sou le ,  McClure and Smith.
T h e  Z i l ' b e r m a n  e x p r e s s i o n  f o r  e ' j j  i s  s i m i l a r  t o  Eq. ( 31 )  e x c e p t  t h a t  t h e
t e m p e r a t u r e  d e p e n d e n t  t e r m  ( l  -  X c o t h X ) / X s i n h X  i s  r e p l a c e d  b y  
[ 2 ( l - X ) e  X ] / X  a n d  a l s o  t h e  n u m e r i c a l  c o e f f i c i e n t  i s  5 ^ 2  i n s t e a d  o f  
15/4 rt /2 .
Formulas (2 9 )" (32 )  a r e  v a l i d  f o r  h o le s  o r  e l e c t r o n s  bu t  f o r  Fermi 
s u r f a c e s  o f  s p h e r i c a l  shape  on ly .  Hence, i t  may be ex p ec ted  to  be 
somewhat inadequa te  f o r  compar ison  w i th  o s c i l l a t i o n s  due to  bands with 
c y l i n d r i c a l  Fermi s u r f a c e s .
C. Adams and H o l s t e i n  Theory
18Adams and H o l s t e i n  have ex tended  Z i l ' b e r m a n ' s  t h e o ry  t o  inc lude  
a n o t h e r  e f f e c t  o f  s c a t t e r i n g ,  i . e .  the  s c a t t e r i n g  o f  e l e c t r o n s  w i th in  
a Landau l e v e l  such as t o  cause  a b roaden ing  o f  t h e  l e v e l ,  th e  conse­
quence o f  which i s  the  m o d i f i c a t i o n  of t h e  t r a n s i t i o n  p r o b a b i l i t y  from 
one l e v e l  to  the  n ex t .
The t o t a l  c o n d u c t i v i t y  e x p r e s s io n  i s  r e p r e s e n t e d  in the  fo l lowing
f0 ™: = n,(C) CCn. (C )]2
"xx  “ ° o Cl + 2 -----  +     ] (33)
x x  0  2  n  ( { )  n  n  ( 0
18■ • E. N. Adams and T. D. H o l s t e i n ,  J .  Phys.  Chem. S o l id s  TO,
254 (1959) .
^ V .  G. Skobov, J .  E x p t l .  T h e o re t .  Phys. (USSR) _38, 1304 ( i 960) 
[ t r a n s l a t i o n :  S o v ie t  P h y s .— JETP H_, 941 ( i 960) ] .
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D. E. Sou le ,  J .  W. McClure and L. B. Smith,"A Study o f  the  
Shubnikov-de  Haas E f f e c t — D ete rm ina t ion  o f  t h e  Fermi S u r face s  in  G raph i te "  
(u n p u b l i sh e d ) .
where t h e  d e n s i t y  o f  s t a t e s  n(£) c o n s i s t s  o f  two terms
n(C) = nQ(C) + n i(C)
The f i r s t  term in Eq. (33) r e p r e s e n t s  the  c o n d u c t i v i t y  in  the  h igh  
quantum-number l i m i t .  The second and th e  t h i r d  te rms  r e p r e s e n t  quantum 
c o r r e c t i o n s  t o  th e  c o n d u c t i v i t y .  They w i l l  be d en o ted  by and b o ^  >
r e s p e c t i v e l y .  r e p r e s e n t s  the c o n t r i b u t i o n s  a r i s i n g  from s c a t t e r i n g
between the  s t a t e s  be long ing  to  the  o s c i l l a t o r  l e v e l  l y i n g  c l o s e s t  
below th e  Fermi s u r f a c e  and those  be long ing  to  o t h e r  o s c i l l a t o r  l e v e l s  
which c o n t a i n  r a t h e r  l a r g e  numbers o f  e l e c t r o n s ,  fca' r e p r e s e n t s  the  
s c a t t e r i n g  t a k in g  p la ce  between s t a t e s  e n t i r e l y  w i t h i n  t h e  l e v e l  ly in g  
c l o s e s t  to  th e  Fermi s u r f a c e .
The magnitudes  o f  th e  two o s c i l l a t o r y  c o n d u c t i v i t i e s  and
may be w r i t t e n  as
^1 = I  ‘’o f2’1/2[ 1/2 ^ 1/2 '  <1 + & 1/2] > (3lf)
^  =|tr0(r )Cl/2 (r>1/2-<| + ^)I/2:is > (35)
s  z
where Ez = £ -  (I + l / 2 )fro, th e  amount o f  energy  by which th e  Fermi l e v e l
C exceeds  the  s t a t e  of z e r o  wave number a long  the  f i e l d  a s s o c i a t e d  w i th
the  o s c i l l a t o r  l e v e l  j u s t  below the  Fermi s u r f a c e .  Now C = (I + 6 + l / 2)fro
f o r  0 £ 6 < 1. So, E = 8fro, and hence 0 ^ E < hco.’ z ’ z
The i n f i n i t e  c o n d u c t i v i t i e s  o c c u r r in g  f o r  p a r t i c u l a r  va lues  of
m agnet ic  f i e l d  s t r e n g t h  would be o b se rv ab le  were i t  no t  f o r  the  f a c t  
t h a t  the  l e v e l s  a r e  broadened as  a r e s u l t  o f  c o l l i s i o n s .  Assuming on ly  
c o l l i s i o n  b roaden ing  t o  p la y  a r o l e ,  we can e s t i m a t e  th e  maximum v a lu es
a t t a i n e d  in  th e  c o n d u c t i v i t i e s  Acr  ̂ and Acr^ by making use  o f  the
f a c t  t h a t ,  roughly  sp eak in g ,  c o l l i s i o n  b roaden ing  l e v e l s  o f f  the  d e n s i t y
o f  s t a t e s  a t  t h e  v a lu e s  f o r  which E ~  h / r  (E ) .z c '  z
Thus
h
r  (E ) c '  z
^  Ez < [hco + ] (36)
where r  (E ) i s  the  c u t o f f  t ime. Equat ions  (3*0 and (3 5 ) *n the  l i g h t  c * z
o f  c o n d i t i o n  (36) ,  r e p r e s e n t  n o n s in u s o id a l  o s c i l l a t i o n s  which may occur
f o r  low quantum number and a t  T = 0°K. Using the  i n d i c a t i o n s  g iven  in
18th e  Adams and H o l s t e i n  paper  the  e x p r e s s io n  f o r  a f i n i t e  t e m p e ra tu re  
would be
(PH) 1 /2  E M - 1 /2  exp (-axM y) c o s ( | f  -  £ )  , (3 7 )
M=1
^ 2  "  " o  ¥  (P H )h51 s i ^ h l i x  e x p  cos^  - I >  * ( 3 8 )
w i th  y  = H /H, in which H , th e  c u t o f f  f i e l d ,  i s  d e f in e d  as  cm / [ e T  ( £ ) ] ,G O  G
i . e .  in t h e  same way t h a t  the  s a t u r a t i o n  f i e l d  Hg i s  d e f in e d  as  a f u n c t i o n
o f  th e  r e l a x a t i o n  t ime.  With the c u t o f f  t ime o f  th e  same o rd e r  o f
magnitude  a s  th e  r e l a x a t i o n  t ime ,  the  va lue  of  y  would be ex p ec ted  to
be «  1 f o r  most f i e l d s  used.
(a) I f  T = 0 so t h a t  MA/sinh M\ = 1 and i f  H i s  v e ry  la rg e
so  t h a t  exp(~2rtMy) »  1 f o r  l a r g e  M v a lu e s ,  then  th e  term i n Acr^ would
00 “ 1s t a r t  co n v e rg in g  on ly  when M > l / 2rfy, so t h a t  E  () «  (2rty) whereas  
00 , M=1 .
- 1 /pin Act. ,  t h e  sum E  () «  (2ity) . Under t h e s e  c o n d i t i o n s  Act «
1 M=1 2
A a 1 (PH)"1/ 2 ( 2jty) " 1 /2  3« /5  / 2  so  t h a t  Ao^ would be one o rd e r  of  magnitude  
l a r g e r  than
(b) For t h e  c a s e  o f  t i n  in the  f i e l d  and t e m p e ra tu re  range s t u d i e d ,  
t h e r e  i s  s t r o n g  ev id en ce  from Table  III t h a t  th e  t e m p e ra tu re  dependent  
term MX/sinh MX makes th e  sums h ig h ly  conve rgen t  -in bo th  and t o y  
T h e r e f o r e ,  th e  r e l a t i v e  v a lu e  o f  t o g  and Atfj i s  g iven  ( t o  a good 
ap p ro x im a t io n )  a s  the  r e l a t i v e  va lue  o f  th e  f i r s t  te rm (M=l) in each  
s e r i e s :
/Vt
2 M=1 4*1
(PH)1/ 2 JLz£_  . (38a)
M=1 5 v/2
I t  can be seen  t h a t  f o r  l a r g e  quantum numbers w i th  PH «  1, Acr^ would 
be one o r d e r  o f  magnitude  s m a l l e r  than t o y
D. O s c i l l a t i o n s  in  t h e  D ensi ty  of S t a t e s  and in  th e  T h e r m o e le c t r i c  E f f e c t s
In th e  absence  o f  a s u i t a b l e  th e o ry  a p p l i c a b l e  f o r  Landau q u a n t i -  
z a t i o n  in the  N e rn s t - E t t i n g s h a u s e n  e f f e c t ,  th e  c l a s s i c a l  e x p r e s s i o n  
Eq. (16) i s  a p p l i e d  d i r e c t l y .  The o s c i l l a t o r y  component o f  th e  thermo­
e l e c t r i c  t e n s o r  i s  expec ted  t o  come from th e  o s c i l l a t i o n s  in the
d e n s i t y  o f  s t a t e s  Z. As such i t  can be w r i t t e n  in the  form:
Z,
e ":a p | d . s .  "  ^ o  '  ^ 9 )
j
where e” pj i s  the  j t h  term in Eq. (16) and Z = dn/d£  where n i s  the  
o s c i l l a t o r y  number o f  c a r r i e r s  and f o r  a c y l i n d r i c a l  Fermi s u r f a c e  i s  
g iven  by Eq. (26 ).
Thus the  two components o f  assume the  form
and
■hid... ■ i i# &1 <4-> f e i k )  cos(fS> <«>3h
O ^
where X. = (2it KT)/f3 H as  b e f o r e  and Ap i s  t h e  l e n g th  o f  th e  c y l i n d e r ,  
J ^
and in  Eq. (4 1 ) ,  th e  minus s ig n  i s  f o r  e l e c t r o n s  and th e  p lu s  s ig n  is  
f o r  h o l e s .
CHAPTER II 
EXPERIMENTAL PROCEDURES
The e x p e r im e n t a l  t e c h n iq u e s  invo lved  in the  p r e s e n t  exper im en t  a r e
21 22 23s i m i l a r  to  t h e  ones used  by Bergeron,  Zebouni and S yber t .  Since
those  t e ch n iq u es  have been p r e s e n t e d  in d e t a i l  by those  i n v e s t i g a t o r s ,
on ly  a s h o r t  d e s c r i p t i o n  w i l l  be g iven  h e re .
C r y s t a l
The in g o t  was o b t a i n e d  from Johnson Mathey and Company. A p ie c e
of  s i n g l e  c r y s t a l ,  grown by m od if ied  Bridgman tech n iq u e ,  was taken  as
a seed to  grow the  f i n a l  c r y s t a l ,  which was grown in an oven b u i l t  by
2kMr. Char les  Bur lo .  The c r y s t a l  was then c u t  w i th  a spark  c u t t e r .
The f i n a l  s i z e  o f  t h e  c r y s t a l  was 13 x k . 63 x .9 2  mm. The back r e f l e c t i o n  
o f  a Laue pho tograph  showed no s ig n s  o f  s t r a i n .  The t e t r a g o n a l  a x i s  
was p e r p e n d i c u l a r  t o  th e  f a c e  of  the  c r y s t a l .  The r e s i s t a n c e  r a t i o
R300°K^R4 . 2°K Was found t o  be 6800.
21 C. Bergeron , Ph. D. D i s s e r t a t i o n ,  Louis iana  S t a t e  U n i v e r s i t y ,
(1959).
22N. H. Zebouni ,  Ph. D. D i s s e r t a t i o n ,  Louis iana  S t a t e  U n i v e r s i t y ,
(1961).
23J J .  S y b e r t ,  Ph. D. D i s s e r t a t i o n ,  L ou is iana  S ta t e  U n iv e r s i t y ,
(1961).
n/i________ __




An i ron  co re  Weiss magnet w i t h  8 " po le  p i e c e s  and 1 5 / 8 "  a i r  gap 
was used. The magnetic  f i e l d  ranged  up t o  18 kG. The c r y s t a l  was 
suspended w i th  i t s  leng th  p a r a l l e l  t o  a b r a s s  vacuum j a c k e t  which could  
be f i t t e d  t o  a b ra s s  p i e c e .  A go ld  ' 0 '  r i n g  was used t o  ensure  good 
vacuum f i t t i n g .  The upper p a r t  o f  the  c r y s t a l  was l i g h t l y  clamped to  
a copper  p o s t  which in t u r n  was a t t a c h e d  to  a s t a i n l e s s  s t e e l  pumping 
l i n e .  The s t a i n l e s s  tub ing  had two epoxy j o i n t s ,  one f o r  a r a d i a t i o n  
t r a p  and the  o th e r  to  e n su r e  e l e c t r i c a l  i n s u l a t i o n .  The e n t i r e  assembly 
was p laced  in the  c r y o s t a t  in  such  a way t h a t  the  middle  o f  th e  c r y s t a l
was in l i n e  w i th  the  c e n t e r  o f  th e  p o l e  p i e c e s  where t h e  magnet ic  f i e l d
was homogeneous. A l l  the  g a lv anom agne t ic  measurements were made w i th  
the  c r y s t a l  in d i r e c t  c o n t a c t  w i th  t h e  l i q u i d  helium w h i l e  the  thermo- 
magnet ic  e f f e c t s  were measured w i th  t h e  c r y s t a l  under h ig h  vacuum to  
a s s u r e  " a d i a b a t i c "  c o n d i t i o n s .  S i l i c o n e  g re a se  was smeared between the 
jaws o f  the  clamp t o  improve the rm a l  c o n t a c t  under vacuum.
The h e a t e r  was made by wind ing  a 45 ohm le n g th  o f  No. 40 Advance 
r e s i s t a n c e  wire  around a p i e c e  o f  No. 28 copper w i r e .  The ends of 
the  copper w ire  were d i r e c t l y  s o l d e r e d  to  the  end of  t h e  c r y s t a l .  The
h e a t e r  was l i g h t l y  coa ted  w i th  a t h i n  p l a s t i c  i n s u l a t i n g  compound to
minimize h e a t  lo s s  due to  r a d i a t i o n .
Use was made o f  A l l e n - B r a d le y  ca rbon  r e s i s t o r s  (50 ohm, 1/10 w a t t )  
t o  measure th e  t em pera tu re  a t  a p p r o p r i a t e  p o i n t s  o f  t h e  c r y s t a l .  "Hatched" 
p a i r s  o f  r e s i s t o r s  w i th  c l o s e l y  i d e n t i c a l  b e h av io r  in th e  tempera ture  
range 1.3 t o  4 .2°K were s e l e c t e d  in a p r e l i m i n a r y  run.  Each r e s i s t o r  











i n t o  a t h i n - w a l l e d  copper  s l e e v e .  A p i e c e  o f  No. 28 copper w i re  
s e r v i n g  as  thermal lead  was s o l d e r e d  a t  one end a lo n g  each thermometer 
s l e e v e  and th e  o th e r  end was s o l d e r e d  to  t h e  c r y s t a l  a t  t h e  p o i n t  where 
t e m p e ra tu re  was measured.  Two p a i r s  o f  e l e c t r i c a l  leads  were a t t a c h e d  
a c r o s s  th e  t e r m in a l s  o f  each r e s i s t o r .  They were made of  r e s i s t a n c e  
w i re  (Advance No. 40,  32 ohm /f t )  t o  min imize  any in s t a n t a n e o u s  h e a t  
f low between t h e  o u t s i d e  helium b a th  and th e  the rm om ete rs .  Two of  the  
thermometers  were s o l d e r e d  a lo n g  th e  d i r e c t i o n  o f  h e a t  f low and the  two 
o t h e r s  i.n th e  d i r e c t i o n  p e r p e n d i c u l a r  t o  th e  h e a t  f low.
The e l e c t r i c  p o t e n t i a l  measurements  were made a t  the  same p o i n t s  
as  the  thermal measurements by s o l d e r i n g  t h e  p o t e n t i a l  leads  d i r e c t l y  
t o  the  copper  thermal l e a d s .  Pure t i n  was used to  s o l d e r  the  c o n t a c t  
p o i n t s  to  av o id  any im pur i ty .
CHAPTER II I  
RESULTS
The E l e c t r i c a l  and the  Hall  C o n d u c t i v i t i e s
The e x p e r i m e n t a l l y  measured e f f e c t s  were t h e  e l e c t r i c a l - m a g n e t o -
r e s i s t a n c e s  and th e  Hall  r e s i s t a n c e s  a t  l f . 2°K, 3*2°K, 2 . 1°K and 1.55°K*
The c r y s t a l  was in c o n t a c t  w i th  l i q u i d  helium, t h e r e b y  m a in t a in in g
a lm os t  p e r f e c t  i so th e rm a l  c o n d i t i o n s .  The m agne t ic  f i e l d  was d i r e c t e d
p a r a l l e l  to  the  t e t r a g o n a l  a x i s  o f  symmetry which was a ch ie v e d  by
l o c a t i n g  th e  r e l a t i v e l y  sha rp  minimum t h a t  e x i s t s  in the  m a g n e t o re s i s -  
25ta n c e .  x The e f f e c t s  due t o  th e  m isa l ignm ent  o f  the  t r a n s v e r s e  probes  
were e l i m i n a t e d  by ta k in g  two s e r i e s  o f  measurements  w i th  +H and -H, 
r e s p e c t i v e l y ,  and ta k in g  t h e i r  h a l f - d i f f e r e n c e .  Likewise  the  m i s a l i g n ­
ment due to  the  l o n g i t u d i n a l  probes  were e l i m i n a t e d  by t a k in g  two s e r i e s  
o f  measurements  in +H and -H, r e s p e c t i v e l y ,  and t a k in g  t h e i r  average  
sum.
The c u r r e n t  th rough the  c r y s t a l  was of  t h e  o r d e r  o f  1 ampere.  No 
h e a t i n g  e f f e c t  was observed  by re c o rd in g  th e  v o l t a g e  o f  one o f  t h e  t r a n s ­
v e r s e  thermometers .
Both the  e l e c t r i c a l  and the  Hall  r e s i s t i v i t i e s  in c r e a s e d  w i th  the  
i n c r e a s i n g  m agnet ic  f i e l d  and s t a r t i n g  from ab o u t  10 kG, Shubnikov-de 
Haas type  o s c i l l a t i o n s  ap p ea red .  Some s a t u r a t i o n  e f f e c t  was observed
25K. S. B a la in ,  Ph. D. D i s s e r t a t i o n ,  L ou i s ian a  S t a t e  U n i v e r s i t y ,
(I960).
27
in h igh  f i e l d .  (See Fig.  3 a nd 4 . )  The am p l i tu d e s  o f  o s c i l l a t i o n s  were 
bo th  f i e l d  and te m p e ra tu re  dependent and i n c r e a s e d  w i th  the  i n c r e a s e  
o f  the  m agnet ic  f i e l d  o r  the  d e c r e a se  o f  t e m p e ra tu re .  (See Fig .  5 . )
These o s c i l l a t i o n s  were superimposed on th e  g ross  e f f e c t .  They were 
p e r i o d i c  in 1/H w i th  a p e r io d  o f  ~  5 .8  x 10 *. The z e r o  f i e l d
r e s i s t i v i t y  was, measured w i th  high p e r c i s i o n  and was P j  = 1 .68 x 10 ohm-cm 
a t  4 . 2°K (P300OK/P/f>2oK = 6800)*
From th e  e x p e r im e n ta l  measurements o f  the  e l e c t r i c a l  and the  Hall  
r e s i s t a n c e s ,  t h e i r  c o r re sp o n d in g  c o n d u c t i v i t i e s  were a ch ie v e d  by 
t e n s o r i a l  i n v e r s io n  a s  in Eq. (12) and the  r e s u l t s  a r e  shown in F ig s .  6 
and 7*
The e l e c t r i c a l  and th e  Hal l  c o n d u c t i v i t y  c o e f f i c i e n t s  cr^j and c r ^
s a t u r a t e d  a round 11 kG. The s h o r t  p e r io d  o s c i l l a t i o n s  were super imposed
on them. The o s c i l l a t i o n s  were s e v e r a l  o rd e r s  o f  magnitude  s m a l l e r  than
t h e  g ro s s  e f f e c t .  The o s c i l l a t i o n s  a t  d i f f e r e n t  t e m p e ra tu re s  may be
seen  in Fig .  8 . The g ross  v a r i a t i o n  o f  the  e l e c t r i c a l  and th e  Hall
c o n d u c t i v i t y  c o e f f i c i e n t s  (Jj j  and a r e  shown in F ig s .  6 and 7 .
F a in t  o s c i l l a t i o n s  were observed  in th e  Hall  c o n d u c t i v i t y  a t
4 .2°K  and 3 *2°K. Only when th e  t em pera tu re  was lowered t o  2 . 1°K or
1 .55°K were they  pronounced as shown in Fig .  8 .
12 26I t  has been observed  by many a u th o r s  3 t h a t  t i n  has an open Fermi
s u r f a c e .  This  has been seen  in our ex per im en t  w i th  s a t u r a t i o n  of
2
e l e c t r i c a l  c o n d u c t i v i t y .  When a p l o t  o f  vs 1/H was made, i t  showed
06
N. E. A l e k s e e v s k i i , Y. P. Gaidukov, I. M. L i f s h i t z ,  and 
V. G. P e s c h a n s k i i ,  J .  E xp t l .  Theore t .  Phys. (USSR) 32.* 1201 ( i 960) 
[ t r a n s l a t i o n :  S o v ie t  P h y s .— JETP 12, 837 (1961) ] .
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t h a t  cfjj tends  t o  a l i m i t  a t  i n f i n i t e  f i e l d .  The i n t e r c e p t  o f  t h i s  
cu rve  was o b ta in e d  by l e a s t  squares  f i t  o f  a po lynomia l  (by means o f  
an IBM c o m p u t e r ^ )  which gave a l i m i t i n g  v a lu e  o f  1 .2 2  x lO^(ohm-cm) 1 
a t  4 .2°K. (See F ig .  9») S im i la r  r e s u l t s  were o b t a i n e d  f o r  o t h e r  
t e m p e r a t u r e s ,  more s p e c i f i c a l l y ,  a t  3.2°K, ^ ^ ( H  = 00) = 1.15 x 10^(ohm-cm)- 1 ; 
a t  2 . 1°K, cr j  j  (H = 00) = 1.25 x lO^(ohm-cm) ^  and a t  1.55°K ^ ( H  = 00) =
I .O 7 x 10 (ohm-cm) . S ince  the c o n d u c t i v i t y  a t  th e  i n f i n i t e  f i e l d  is  
not z e r o ,  t h i s  i n d i c a t e s  an open Fermi s u r f a c e  a lo n g  the b a sa l  p la n e  o f  
th e  c r y s t a l .  This w i l l  be d i s c u s s e d  in more d e t a i l  in Chapter IV.
The Hall  e f f e c t  was n e g a t iv e  in the  whole range o f  m agnet ic  f i e l d
O
and te m p e ra tu re .  A p l o t  o f  H a ^  vs 1/H was made a t  4 .2°K (see  Fig .  10), 
and the  a sy m p to t i c  va lue  f o r  H -♦ 05 was used t o  f i n d  the  t o t a l  e f f e c t i v e  
number o f  c a r r i e r s  t h a t  a r e  c o n t r i b u t i n g  to  the  H a l l  c o n d u c t i v i t y .  From
OO -  Q
th e  b e s t  f i t  o f  a polynomia l i t  was found t h a t  E. ±  n. = - 1.1 x 10 cm ,
i n d i c a t i n g  an e x ces s  o f  ' e l e c t r o n s '  over  ' h o l e s '  o f  abou t  .3 2  e l e c t r o n s
28p e r  atom, which i s  in agreement  w i th  K a c h i n s k i i ' s  v a lu e  of  -34 e l e c t r o n s  
p e r  atom f o r  s i m i l a r  measurements.  This  a p p a r e n t l y  s t r a n g e  r e s u l t  f o r  
a t e t r a v a l e n t  t i n  c r y s t a l  i s  s imply  r e l a t e d  t o  t h e  e x i s t e n c e  o f  the  
m u l t i - c o n n e c t e d  ho le  s u r f a c e  in zone 4 (b) as d i s c u s s e d  in Chapter IV.
The Magnetothermal and the Righi-Leduc C o n d u c t i v i t i e s
The e x p e r i m e n t a l l y  measured q u a n t i t i e s  were t h e  thermal magneto- 
r e s i s t a n c e  and th e  Righi-Leduc r e s i s t a n c e .  The c r y s t a l  was under h igh
27'Program p re p a red  by Dr. H. J .  Mackey, L ou is iana  S t a t e  U n i v e r s i t y .  
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vacuum th e re b y  m a in t a in in g  " a d i a b a t i c "  c o n d i t i o n s ,  i . e .  = 0 .
For the  measurement of  t h e s e  e f f e c t s  a t  k . 2°K and 3*2°K th e  he lium 
b a th  was kep t  a t  2 . 1°K, and f o r  the  measurement a t  2 . 1°K, th e  hel ium 
b a th  was kep t  a t  1.5°K. The c r y s t a l  was brought  to  the  mean te m p e ra tu re  
a t  which the  measurement would be performed by a d j u s t i n g  the  h e a t i n g  
c u r r e n t  u n t i l  any one o f  the  t r a n s v e r s e  thermometers  reached the  
r e q u i r e d  mean t e m p e ra tu re .
Like th e  e l e c t r i c a l  r e s i s t i v i t i e s ,  th e  thermal r e s i s t i v i t i e s  in ­
c r e a s e d  w i th  i n c r e a s i n g  magnet ic  f i e l d .  The thermal r e s i s t i v i t i e s  y ^  
and y  j a r e  shown in  F igs .  3 and 4 where the  s c a l e s  a r e  a d j u s t e d  th rough 
th e  f r e e  e l e c t r o n  Wiedemann-Franz r a t i o  LnT f o r  a d i r e c t  comparison 
w i th  the  c o r r e sp o n d in g  e l e c t r i c a l  r e s i s t i v i t i e s  p j j  and Shubnikov-
de Haas type  o s c i l l a t i o n s  appeared  around 9 kG f o r  bo th  the  thermal 
m a g n e t o r e s i s t a n c e  and the  R i g h i - L e d u c - r e s i s t a n c e .  They were super imposed 
on the  monotonic  components.  The am pl i tudes  of the  o s c i l l a t i o n s  were 
bo th  f i e l d  and tem p e ra tu re  dependen t .  The measurement of  y  , i . e .  the  
thermal  r e s i s t a n c e  a t  z e r o  m agnet ic  f i e l d ,  was ve ry  im p rec i se ,  so the
v a lu e s  of  y  a t  v a r io u s  t e m p e ra tu re s  were computed from the  e x t r a p o l a t e d  
29r e s u l t s  o f  Hulm . E x t r a p o l a t i o n  was made by th e  use o f  F igs .  3 and 8 
of  h i s  a r t i c l e .
The the rm al  c o n d u c t i v i t y  and th e  Righi-Leduc c o n d u c t i v i t y  were 
computed u s in g
29J .  K. Hulm, Proc.  Roy. Soc. A20*f, 98 (1950).
Like th e  e l e c t r i c a l  c o u n t e r p a r t ,  bo th  the  thermal  and the  Righi-Leduc
c o n d u c t i v i t i e s  s a t u r a t e d  a t  h igh  f i e l d  (see  F igs .  6 and 7 ) .  The
s c a l e s  were a d j u s t e d  in t h e  r a t i o  o f  L T.J n
With t h e  n o t a b l e  e x c e p t io n  o f  X j j  a t  2 . 1°K the thermal  c o n d u c t i v i t y  
was found to  be p r o p o r t i o n a l  t o  1/T. The 2 . 1°K thermal c o n d u c t i v i t y  
da ta  seems p e r p l e x i n g .  I t  was s u s p e c te d  t h a t  some p a r t  o f  a p p l i e d  h e a t  
was leaked o u t  which caused  h ig h e r  r e s u l t s  f o r  and Xjg a t  2 . 1°K. 
Otherwise ,  a t  4 .2°K and 3*2°K th e  r e s u l t s  f o r  X^j and X ^  a r e  in good 
agreement  w i th  Hulm's e x p e r im e n ta l  f i n d i n g .
The Apparen t  Wiedemann-Franz Law
A d e t a i l e d  comparison o f  th e  a b s o l u t e  v a lu es  of  e l e c t r i c a l  and 
thermal e f f e c t s  has been made in terms of  t h e  Wiedemann-Franz law.
The Lorenz r a t i o s
(Lj = Xn  /TtTn  and Lg = X /H r  ) (42)
exp exp
were computed f o r  4 .2°K ,  and 3*2°K r e s p e c t i v e l y .  I t  was seen t h a t  the
-8 2 2Lorenz r a t i o s  d e p a r t e d  from the  t h e o r e t i c a l  va lue  o f  2 .45 x 10 v / d e g re e
fo r  a l l  t e m p e r a t u r e s .  F igure  11 shows t h e i r  b e h av io r .  At 4.2°K, the
l o n g i t u d i n a l  Lorenz r a t i o  Lj i n c r e a s e s  from 2 .1 x 10 ^v‘7,degree^  a t
-8  2 2z e ro  f i e l d  t o  a maximum o f  4*3 x 10 v /d e g r e e  a t  h igh  f i e l d  and
a t t a i n e d  s a t u r a t i o n .  Likewise,  L  ̂ a t  3*2° reached a maximum of 3*6 
”8 2 2x 10 v /d e g r e e  a t  h igh  f i e l d  and a t t a i n e d  s a t u r a t i o n .  The t r a n s v e r s e
Lorenz r a t i o s  f o r  bo th  te m p e ra tu re s  in c r e a s e d  from t h e  near t h e o r e t i c a l
-8  2 2 -8 2 2 v a lu e  o f  2 .5  x 10 v / d e g r e e  to  a round 2 .9  x 10 v /d e g r e e  . This
d e p a r t u r e  from th e  t h e o r e t i c a l  v a lu e  s u g g e s t s  complex behav io r  o f  the
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p o s s i b l e  e x p l a n a t i o n s  a r e  d i s c u s s e d  in d e t a i l  in the  next c h a p t e r .
I t  may a l s o  be ment ioned t h a t  the  a p p a r e n t  l o n g i t u d i n a l  Lorenz
r a t i o  Lj showed o s c i l l a t o r y  b e h av io r  a t  a l l  t e m p e ra tu re s .  The v a lu e  
- 8 2  2
o f  Lj = 2 .1  x 10 v / d e g r e e  a t  4 .2°K a t  z e r o  f i e l d  might i n d i c a t e  t h a t  
the  c o n d u c t i v i t y  i s  in l a r g e  p a r t  l i m i t e d  to  im pur i ty  s c a t t e r i n g .
The La11ice  Therma1 C onduc t iv i tv  
and the  Wiedemann-Franz Law
The thermal  c o n d u c t i v i t y  c o n s i s t s  o f  two p a r t s :  e l e c t r o n i c  and
l a t t i c e  thermal  c o n d u c t i v i t i e s  Xg and X^, r e s p e c t i v e l y .  Thus the  
t o t a l  c o n d u c t i v i t y  i s  g iven by
x  = Xe ♦ Xg . (43)
The Wiedemann-Franz law assumes the  form
X , , = X + or. .TL . = L.cr. .T , 11 g 11 e l  1 11 3
X12 '  °  + ff12TL. 2  “  L2V  '
(44)
I t  i s  seen in our  p r e s e n t  ex per im en t  t h a t  L  ̂ i n c r e a s e s  w i th  i n c r e a s i n g  
magnet ic  f i e l d  and a t t a i n s  s a t u r a t i o n  around 10 kG.
Since  i t  is  im poss ib le  t o  a s c e r t a i n  the  t ru e  b ehav io r  o f  the  Lorenz 
number and th e  the rm al  c o n d u c t i v i t y ,  th e  fo l low ing  f u n c t i o n a l  r e l a t i o n ­
s h ip s  can be assumed to  hold  and t h e i r  d i f f e r e n t  m e r i t  w i l l  be compared 
in the  d i s c u s s i o n :
(1) The f i r s t  method assumes t h a t  X i s  a c o n s t a n t  and i s  inde-
9
pendent  of  the  m agnet ic  f i e l d .  Then Eq. (44) shows t h a t  i f  Lg j tends  
toward an a s y m p to t i c  l i m i t  (H l a r g e )  th e  curve  Xj j  vs should  be a 


















i l l u s t r a t e d  in  Fig .  12, l e ad s  t o  v a lu e s  f o r  X^ o f  .0 8 ,  .0 3 ,  and . 0 2  w/
(cm-deg) a t  4 . 2°K, 3*2°K, and 2 . 1°K, r e s p e c t i v e l y ,  which compare f a v o r a b l y
w i th  t h e  e x t r a p o l a t e d  r e s u l t s  o f  Hulm a t  th o se  t e m p e r a t u r e s ,  i . e .  X^ =
0. 1, . 0 2 4 , 0 .009  w /(cm -deg) .
F u r th e r  i n d i c a t i o n  o f  the  v a lu e s  o f  L , (H) and L „(H) f o r  non-e l  e 2
a sy m p to t i c  v a lu e s  o f  th e  f i e l d  can be o b ta in e d  from Eq. (44) in th e  form
Le l < H) ■ L1 <H> ’
(**5)
Le 2 (H) = L (H)
and u s ing  the  v a lu e s  o b t a in e d  in the  p re ceed in g  e x t r a p o l a t i o n  method. 
F igure  11 shows a p l o t  o f  L .(H) a t  4 .2°K and 3*2°K, r e s p e c t i v e l y .6 X
(2) On th e  o t h e r  hand, i f  i t  i s  assumed t h a t  L . = L _ then X can'  e l  e 2 g
be de te rm ined  from
Xg -  X11 -  °rl l TLe2 '  W
Figure  13 shows a p l o t  o f  X^ o b ta in e d  in t h i s  way. The a sy m p to t i c  
v a lu e s  o f  Xg ( .1 2  a t  4 .2°K ,  .046  a t  3 . 2°K, and .0 0 7  a t  2 . 1°K) a r e  in 
c lo se  agreement w i th  Hulm.
(3) I f  i t  is  supposed t h a t  Le j = L = L , the  t h e o r e t i c a l  v a lu e ,
then  i t  should  be assumed t h a t  X has both  a l o n g i t u d i n a l  and a t r a n s -
9
v e r s e  component, X j j  and r e s p e c t i v e l y ,  and then
Xg l l  "  X11 " CTl l TLn '
Xg l 2 X12 " CTl 2TLn
(^7)
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(4) Taking a n o th e r  p o i n t  o f  view, s i n c e  X and <T a r e  t e n s o r s  of  
second rank, the  Wiedemann-Franz law can be w r i t t e n  by u s ing  a t e n so r
A
L T wi th
and
X = L a  T exp
X = L a  Te
(48)
so  t h a t
and
L = X p /T  , exp ’
L = Xep/T
Now, supposing  X i s  a c o n s t a n t ,  X = X 
9 9 9
have
A  A  A  Xq
L = L -  p -~r ,exp T 3
(49)
and X = X + X , we e g 3
i . e .
and
L11 = (Xe l l p l l  + W 2 1) / T  '
L12 "  ^ e l ^ l l  " Xe l l p 2 l ^ /T  3
(51)
w i th  X  , ,  =  ( X , ,  -  X  ) and X  1 r i  =  X , „ .  Taking the  high f i e l de l l  '  11 exp g e l 2 12 3 3
e x t r a p o l a t e d  va lue  f o r  X , the  c o e f f i c i e n t s  Lj j  and can be computed 
and a r e  shown in Fig .  11.
(5) Appearance o f  Shubnikov-de Haas o s c i l l a t i o n s  in X  =  X  +  X  and 
or = a  + a  would g e n e r a l l y  r e s u l t  in t h e  a p p a r e n t  Lorenz term 
e x h i b i t i n g  o s c i l l a t i o n ;  from Eq. (45) Lj = Le j +  X ^ / c r ^ i t  may be seen 
t h a t  even i f  t h e  t h e o r e t i c a l  Lg j shou ld  not o s c i l l a t e  the  a p p a r e n t  
term would show the  o s c i l l a t i o n s  c o r r e sp o n d in g  to  the  o r ^  o s c i l l a t i o n
in th e  X ^ / c r ^ t e r m .  But a p p a r e n t l y  the  o s c i l l a t i o n s  seen  in do 
not seem due on ly  t o  t h i s  term. I t  has been thought  a l s o  t h a t  th e  r a t i o  
between the  o s c i l l a t o r y  component o f  the  c o n d u c t i v i t i e s  cou ld  be used
rsu ~
t o  d e f i n e  th e  t r u e  Lorenz term by j jT ,  but no t  enough e v id en c e
and p r e c i s e  d a ta  can be b rought  ou t  of  such s tu d y .
The T h e rm o e le c t r i c  and th e  E t t i n g s h a u s e n - N e r n s t  E f f e c t s
The same e x p e r im e n ta l  p ro ced u res  a s  in the  thermomagnetic  e f f e c t s  
ap p ly  h e re .  Under the  c o n d i t i o n s  o f  J j  = Jg  = J 3 = 0, Wg = 0, the
k i n e t i c  Eq. (6 ) t a k es  th e  form
c* _ 1 *
E1 e l l Wl '
E2 = e2 lWl '  ^
wi t h  the  a s s o c i a t e d  e x p r e s s i o n s  f o r  th e  t e m p e ra tu re  g r a d i e n t s ,  Gj =
and Gg = ^ l ^ l *  concl i t i o n  J = 0 g ives  w = w. The e x p e r i ­
menta l  c o e f f i c i e n t s  ( e ! , )  and ( e ' , )  were computed by measur ing'  11 exp 21 exp r  7 3
the  e f f e c t i v e  f i e l d s  Ej and Eg, r e s p e c t i v e l y ,  a c r o s s  a " th e rm a l  f r e e "  
p o t e n t i o m e t e r .  The t i n - c o p p e r  thermocouple  formed by the  t i n  c r y s t a l  
and the  copper leads  were a s s o c i a t e d  w i th  the  e x p e r im e n ta l  c o e f f i c i e n t s .
* A A
Hence e ‘ = y  e  becomes
soHowever, G r e n ie r ,  Reynolds,  and Zebouni r e p o r t e d  a va lue  o f  ec(j =
"8-3*2  x 10 v / d e g r e e  a t  H = 0 and T = 4 .2°K which was n e g l i g i b l y  sm a l l .  
Hence, t h e  c o r r e c t i o n  f o r  copper  was unnecessa ry .
and were measured a t  th e  tem pe ra tu res  o f  4.2°K, 3*2°K and 
2 . 1°K. Both and were p u r e l y  o s c i l l a t o r y  w i th o u t  any monotonic  
components.  The o s c i l l a t i o n s  were o f  s h o r t  p e r io d  o f  the  o rd e r  o f  
6 x 10 ^sec /G .  F igure  15 shows th e  b e h av io r  o f  and a t  4.2°K.
The l o n g i t u d i n a l  k i n e t i c  c o e f f i c i e n t s  e '^  and the  t r a n s v e r s e  
k i n e t i c  c o e f f i c i e n t  e'jg were computed u s ing  Eq. (9 ) .  They to o  were 
p u r e ly  o s c i l l a t o r y  and showed marked s i m i l a r i t y  w i th  the  t h e r m o e l e c t r i c  
e f f e c t s .  They a r e  seen  in Fig .  16.
Band Analysi  s a t  k . 2°K
Since th e  g ro s s  e f f e c t s  o f  the  e l e c t r i c a l  and the  Hall c o n d u c t i v i t i e s
had very  s l i g h t  v a r i a t i o n  w i th  tem p e ra tu re  change, i t  was found s u f f i c i e n t
to  s tudy  the  l f .2°K d a ta  a lo n e  f o r  band s t r u c t u r e  a n a l y s i s  u s ing  Sondheimer
Wilson th e o ry  a s  in Eq. (15)* Here, p robab ly  the  s c a t t e r i n g  by i m p u r i t i e s
i s  p redominant  and th e  a d d i t i v i t y  of  the  c o n d u c t i v i t i e s  o f  th e  d i f f e r e n t
bands is  j u s t i f i a b l e .
As s t a t e d  p r e v i o u s l y ,  the  e l e c t r i c a l  c o n d u c t i v i t y  tends  t o  a l i m i t
a t  i n f i n i t e  m agne t ic  f i e l d .  The c o n s t a n t  cr^ = c r ^ ( H  = 00) was s u b t r a c t e d
from the  g ro s s  e f f e c t  b e f o r e  th e  band s t r u c t u r e  a n a l y s i s .
The t h e o r e t i c a l  c u r v e - f i t t i n g  was done on the  IBM computer by the
Sil e a s t  sq u a re s  t e c h n iq u e .  The b e s t  f i t  o f  was w i th  a fo u r  band 
SOG re n ie r ,  Reynolds and Zebouni,  o j j .  c? t .
















' ^ * - 2 5
15





a -4 .2 *K  
•  «3 .2 *K■*e.i*K
































* * - 5
135 14 145. 15 155 16 165 17 175 18
H (KILOGAUSS
 --------k - _ 4
ft.
•  -3 .2 *  ic
■*2. r *
A - 4 .2 * *






model,  t h r e e  e l e c t r o n  bands and one hole  band. (See Fig .  I7 . ) The
c o n t r i b u t i o n  to  the  Hal l  c o n d u c t i v i t y  was from high  and low m o b i l i t y
e l e c t r o n  pock e ts  and an in t e r m e d ia t e  m o b i l i t y  ho le  pocke t .  This seemed
t o  c o r re sp o n d  t o  Gold and P r i e s t l e y ' s  model of  th r e e  e l e c t r o n  zones
and one ho le  zone.  The ho le  band in t h e i r  c a se  was in the  form of
two c y l i n d r i c a l  tu b e s .  A rough app rox im a t ion  from t h a t  model gave the
20 ?number o f  c a r r i e r s  ~  2 .13  x 10 /cmJ which i s  in c lo s e  agreement w i th  
the  number o f  c a r r i e r s  o f  band II (Table I I ) .
The same p ro ced u re  was a p p l i e d  as above f o r  o r^  curve  f i t t i n g ,  
e x c e p t  was m u l t i p l i e d  by H f o r  the  purpose  o f  u s ing  the  same p r o ­
gram f o r  a n a l y s i s .  Attempt was made to  f i t  c r ^  w i th  a fou r -b an d  model 
bu t  was u n s u c c e s s f u l  because  the  i t e r a t i v e  p ro c e ss  d ive rged  r a p i d l y .
The b e s t  f i t  in t h i s  c a se  was w i th  a two-band model (see  Fig .  18).  The 
predominance  o f  the  two low m o b i l i t y  e l e c t r o n  pocke ts  overshadowed the  
h igh  m o b i l i t y  e l e c t r o n  and ho le  bands because  t h e  number o f  c a r r i e r s  
o f  the  l a t t e r  were s e v e r a l  o rd e r s  s m a l l e r  than those  o f  the  fo rmer .
The band s t r u c t u r e s  w i l l  be d i s c u s s e d  in more d e t a i l  in Chapter IV. 
Table  II shows the  number o f  c a r r i e r s  of  d i f f e r e n t  bands and t h e i r  
c o r r e sp o n d in g  s a t u r a t i o n  f i e l d s .
30
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Band 1 H. = 30 Gauss, n j  = -5*131 x lO^cm  ^
Band 11 H. = 149 Gauss, n^ = + 5*^9 x lO^cm  ^
Band III H. = 478 Gauss,  n2 = " 9*375 x lO^cm ^
Band IV Hj = 1939 Gauss, = ~ 2*83^  x lO^cm  ^
CT11
Band I I I H. = ^77 Gauss, a^n^ = 1*958 x lO^cm ^
Band IV H. = 2250 Gauss, a^n^ = 5*0^0 x lO^^cm ^
CHAPTER IV 
DISCUSSION
The F r e e - E le c t r o n  Model f o r  the  Fermi Su r face  o f  Whi t e  Tin
The Fermi s u r f a c e  of  t i n  has been e x t e n s i v e l y  s t u d i e d  by Gold and 
P r i e s t l e y , ^  Alekseevski i et,  a , l _ . , ^  G antm ak her ,"^  and K h a k i n . ^  Among 
them, Gold and P r i e s t l e y ' s  f r e e - e l e c t r o n  model has been w ide ly  acc e p ted  
w i th  the  e x ce p t io n  o f  a s l i g h t  m o d i f i c a t i o n  by Khakin and Gantmakher. 
F igure  20 is  a r e p ro d u c t io n  o f  t h a t  model.  The p r e d i c t i o n s  of  the  
f r e e - e l e c t r o n  model a r e  g iven  by Gold and P r i e s t l e y  as  fo llows:
The f i r s t  zone i s  e n t i r e l y  f i l l e d  and the  second and th e
t h i r d  zones  a r e  n e a r ly  so ,  e x c e p t  f o r  two smal l  pockets  of  
h o le s  c e n t e r e d  on the  p o i n t s  w in th e  second zone and a
m u l t i p l y - c o n n e c t e d  s u r f a c e  c o n t a i n i n g  h o le s  in the  t h i r d  zone.
In the  f o u r t h  zone t h e  Fermi s u r f a c e  is  one o f  two s h e e t s  and
c o n s i s t s  o f  a s i n g l y  connec ted  s u r f a c e  4 (b )  formed by the 
i n t e r s e c t i o n  o f  two "pancakes"  c o n t a i n i n g  e l e c t r o n s ;  t h i s  
s u r f a c e  i s  surrounded by a reg ion  o f  unoccupied s t a t e s  which 
i s  in t u r n  bounded by th e  m u l t i p l y - c o n n e c t e d  s u r f a c e  4 ( a ) .
The s u r f a c e s  in the  f i f t h  zone a l l  c o n t a i n  e l e c t r o n s  and 
c o n s i s t  o f  a long e l l i p s o i d  a lo n g  the  t e t r a g o n a l  a x i s ,  "p ea r  
shaped" s u r f a c e s  c e n t e r e d  on t h e  zone c o r n e r s  H (two s u r f a c e s  
p e r  zone ) ,  and s u r f a c e s  s i m i l a r  to  t h a t  in zone 4 ( b ) ,  but 
t i l t e d  and c e n te r e d  on th e  p o i n t s  V ( fou r  s u r f a c e s  pe r  zone) .
J J Gold and P r i e s t l e y ,  0£ .  ci  t . 
oL
J A l e k s e e v s k i i , Gaidukov, L i f s h i t z  and P e s c h a n s k i i ,  0£ .  ci  t .
35V. p. Gantmakher, J .  E x p t l .  T h e o re t .  Phys.  (USSR) 44, 811 
(1 9 6 3 ) , [ t r a n s l a t i o n :  S o v ie t  Phys.  — JETP: \J_, 549(1963)]*
3^M. S. Khakin,  J .  E x p t l .  T h e o re t .  Phys. (USSR) 4^,  59 ( 1962) ,  
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F i n a l l y  the  s i x t h  zone has sm al l  e l l i p s o i d a l  s u r f a c e s  c e n t e r e d  
on t h e  p o i n t s  V and s t i l l  s m a l l e r  e l l i p s o i d s  c e n t e r e d  on the  
p o i n t s  k, bo th  s e t s  of  e l l i p s o i d s  c o n t a i n i n g  e l e c t r o n s .
Comparison o f  the  Free E l e c t r o n  Model 
w?th th e  Exper im enta l  Data
S ince  th e  u s u a l  i n t e r p r e t a t i o n  by r e s i s t i v i t y  f a i l s  as  the  e x p e r i -  
m en ta l j> j - j  and p ^ ,  bo th  tend t o  a l i m i t  as  H -* °°, the  s i t u a t i o n  can be 
more c l e a r l y  u nde rs tood  by means o f  the  b ehav io r  o f  and
1. I n t e r p r e t a t i o n  o f  t h e  Asympto tic  Behavio r  of c r ^
F i r s t ,  i t  is  seen  (F ig .  10) t h a t  Hcr^ tends  to  a l i m i t  as  H -* 00.
pp — O
This  s u g g e s t s  t h a t  S  n. ^ 0, and wiith S  n. = - 1 .1  x 10 cm J  we g e t
i 1 ' 1
an e x ces s  o f  e l e c t r o n s  over  h o le s  o f  . 3 4  e l e c t r o n s  per atom, in c l o s e
37agreement  w i th  K a c h i n s k i i ' s  e x t r a p o l a t e d  va lue  o f  .3 5  e l e c t r o n s  per  
atom. Th is  can be unde rs tood  from the  b e h av io r  o f  zone 4 ( a )  of Gold 
and P r i e s t l e y ' s  model which i s  a p a i r  o f  c o r ru g a te d  p lanes  connec ted  
by v e r t i c a l  c y l i n d e r s .  In t h i s  zone th e  c a r r i e r s  a r e  seen t o  have 
e l e c t r o n  b e h av io r  ( the  £ o r b i t )  i n s t e a d  o f  ho le  b e h av io r .  Thus i n s t e a d  
o f  Zne -  Sn^ = + nh4 (fc,)> ‘ *e * t *1e t o t a * number of  s t a t e s  in  zone
4 ( a )  c o n t a i n e d  in t h e  c y l i n d e r s  (n g j^ g ) )  anc* between the  c o r r u g a t e d  p lan es
nO
(r»h4 (b))* ^ ' s amounts ap p ro x im a te ly  t o  a s l i c e  o f  the B r i l l o u i n  zone
o f  t h i c k n e s s  ~  2ith/a ( a / c  -  2c / a )  and w i l l  c o n t a i n  abou t  .40
3 Y  N. K a c h in s k i i ,  J .  E x p t l .  T h e o re t .  Phys. (USSR) 4^> I I 58 ( 1962) ,  
[ t r a n s l a t i o n :  S o v ie t  P h y s .— JETP 16, 818 (19^3)]*
qO
I t  shou ld  be noted t h a t  the  c a r r i e r s  near  the  w t i p  (F ig .  20) 
o f  th e  c o r r u g a t e d  p l a n e s  s t i l l  have ho le  c h a r a c t e r s  and should  no t  be 
inc luded  in  th e  n ^ ^  j o f  th e  En e q u a t i o n .
59
e l e c t r o n  per  atom, in good agreement w i th  th e  e x p e r im en ta l  r e s u l t .
2. Compari son wi th  the  Sondheimer-Wi Ison Band Model
The c o n c lu s io n s  reached  from the  s tu d y  of  t h e  a J2 band s t r u c t u r e
in terms o f  Sondheimer-WiIson th e o r y ,  and compared w i th  the Gold and
P r i e s t l e y  model a r e  as  fo l l o w s :
Band I. The high m o b i l i t y  e l e c t r o n  band does not f i t  p r e c i s e l y
w i th  th e  model.  This may e i t h e r  be due to  e l e c t r o n s  in zone 6 or  the
in c id en ce  o f  some morphic e f f e c t .
Band I I .  This high m o b i l i t y  ho le  band most p robab ly  co r re sponds
t o  the  two v e r t i c a l  c y l i n d e r s  w i th  o r b i t a l  s e c t i o n  6 in  zone 3* These
c y l i n d e r s  a r e  most c e r t a i n l y  r e s p o n s i b l e  f o r  t h e  Shubnikov-de Haas
type  o s c i l l a t i o n s .
Band 111, and Band IV a r e  e l e c t r o n  bands which co r re spond  to
zones 4 (b )  and 5 p lu s  the  unexpec ted  e l e c t r o n  c y l i n d e r  ( o r b i t  C) o f
th e  " h o l e "  zone 4 ( a ) .  C e r t a i n l y  t h e  upper p a r t  of zone 4 (a )  and 3 w i l l
s t i l l  have some h o le  b e h a v io r  bu t  i t  w i l l  be l a r g e l y  compensated.
Now comparing the  m o b i l i t y  o f  th e  bands I I ,  II I  and IV, we f in d
t h a t  they  a r e  p r o p o r t i o n a l  t o  1 /H j |  = 1/ 120, 1/ H j | |  = 1/480, and
1/Hiv = 1/1940, r e s p e c t i v e l y .  Supposing a u n i v e r s a l  t ime o f  r e l a x a t i o n
*
T f o r  a l l  t h e  bands and u s in g  th e  e f f e c t i v e  mass m = .059 (o b ta in e d  
from th e  t e m p e ra tu re  dependence o f  t h e  o s c i l l a t i o n  am p l i tu d es )  fo r  band
•flp
I I ,  we f i n d  the  e f f e c t i v e  masses  o f  band II I  and band IV as m | | |  = *24 
and ni|y = . 96 , r e s p e c t i v e l y .
Comparing t h e s e  masses w i th  those  o b ta in e d  from t h e  f r e e  e l e c t r o n  
model o f  Gold and P r i e s t l e y  (Table  11, p.  1099) which f o r  4(a)C has
60
m* = . 38; f o r  4 ( b ) r ,  m* = *40; f o r  5<T, m* = . 3 j and f o r  m* = .099
and from t h e i r  de Haas-van Alphen e x p e r i m e n t a l  d a ta  which a r e  f o r
4 ( a ) £ ,  m = . 7OJ f o r  4 ( b ) r ,  m = . 51 ; f o r  5cr, m = .6 4 ,  and f o r  'yti }
*
m = . 15, we f in d  c l o s e  agreement between t h e i r  r e s u l t s  and o u rs .
The p o p u la t io n s  "per  atom" o f  th e  d i f f e r e n t  bands de termined  
from the  crl2  da ta  in Table II a r e  as  fo l l o w s :  n ( ( = .015 h o le s / a to m ,
n l l l  = e l e c t r o n s / a t o m ,  n ^  = .0 7 5  e l e c t r o n s / a t o m ;  t h e s e  v a lu es  a re
o
o b ta in e d  by us ing  a = 5*80 A and a / c  = 1 .84  a t  4 .2°K.
Now, using th e p e r io d  P = 5*8 x 10 ^/G o b t a i n e d  from th e  Shubnikov- 
de Haas o s c i l l a t i o n s  and the  ex t rem a l  c r o s s - s e c t i o n a l  a r e a  o f  the  
2 c y l i n d e r s  3^> which i s Sm = e h /cP  = 1 .82  x 10 ^ ( e r g  -  sec /cm )^  and 
th e  h e ig h t  given by (— -  — ) —  = 8 .3 9  x 10 ^ c m ,  we o b t a i n  fo r  t h e
C 3  d
P0 *32 c y l i n d e r s  3§> n = 2 .13 x 10 /cm‘5( .006  h o l e s / a t o m ) .  This  number is
comparable to the  n va lue  f o r  band I I .  A b e t t e r  match would be o b ta in e d  
by c o n s id e r in g  a l s o  the  c o n t r i b u t i o n s  from th e  3 P c y l i n d e r s .
As f o r  the  p o p u la t i o n s  of t h e  e l e c t r o n  c y l i n d e r  in zone k{a)  and 
c lo s e d  Fermi s u r f a c e s  in zone 4 (b )  and 5 ,  th e y  a r e  in o v e r - a l l  a g r e e ­
ment w i th  the  bands II I  and IV.
The c o n s t a n t  term of  = 00) was s u b t r a c t e d  from the  e x p e r im en ta l
O'j j  d a ta  and the  band s t r u c t u r e  a n a l y s i s  was performed on the  r e s t .  The
b e s t  f i t  f o r  c r ^  was w i th  the  two low m o b i l i t y  e l e c t r o n  bands.  As
e x p ec te d ,  the  f i r s t  two v e ry  mobile  bands a r e  a b s e n t  because  of  t h e i r  smal l  
p o p u la t i o n .  The two low m o b i l i t y  bands match w i th  bands I I I  and IV of
p p  — O
^ 12* ^ ° r kanc* * * I we have a ^ 1̂  = 1*96 x 10 cm , i . e .  a^ »  2 .1  and
2 i —o
f o r  band IV a^n^ = 5 .0 6  x 10 cm , i . e .  a^  1 .8 .  The v a lu e s  f o r  a^ 
and a^  a r e  reasonab le  s i n c e  a > 1 im p l ie s  ( l )  t h a t  co r re sp o n d in g  e l e c t r o n
6l
o r b i t s  a r e  not c i r c u l a r  ( t h a t  i s  t r u e  f o r  a l l  c a s e s  and more s p e c i f i c a l l y  
f o r  4 ( b ) r )  o r  (2 ) as a l r e a d y  p o in te d  o u t ,  t h a t  the  h o le s  c o r r e sp o n d in g  
to  t h e  upper and the  lower p a r t s  o f  zone 4(b )  and 4 ( a ) ,  whose e f f e c t s  
a r e  compensated in th e  o r ^  by e l e c t r o n s  o f  s i m i l a r  m o b i l i t y ,  a r e  now 
c o n t r i b u t i n g  t o  CJ^ .̂
Open Orbi t  and Magnetic Breakdown
The = 00) term may e i t h e r  ( i )  i n d i c a t e  an open o r b i t  a lo n g  the
b a s a l  p la n e  or  ( i i )  i t  may i n d i c a t e  m agnet ic  breakdown.
In c a s e  ( i )  a s l i g h t  misa lignment o f  H w ith  the  [ 0 0 l ]  d i r e c t i o n  
w i l l  make th e  s l i c e  o f  the  c o r r u g a t e d  p la n e  w i th  open s e c t i o n  non- 
n e g l i g i b l e  and w i l l  g ive  r i s e  t o  an open o r b i t  s i t u a t i o n .  In t h a t  c a s e ,
0rn ( H  = 00) w i l l  be h ig h ly  s e n s i t i v e  to  o r i e n t a t i o n .  I f  we suppose  t h a t
p  ^
( T i l ( H = « )  = ne T/m sa ecn /Hg where Hg m c/eT ~  2000 G, t h e  number of
20  - 3open o r b i t  c a r r i e r s  would be n “  1.3 x 10 cm which i s  abou t  one 
p e r c e n t  o f  th e  t o t a l  number of  c a r r i e r s .
In c a s e  ( i i )  i t  may be p o s s i b l e  t h a t  even f o r  p e r f e c t  a l ig n m e n t  of
H w i th  the  [001] d i r e c t i o n ,  t h e r e  may be a remaining term o f  = " ) •
I t  may be noted t h a t  i f  th e  s t r u c t u r e  f a c t o r  a long  the  XL l i n e  (see
Fig .  21) i s  z e ro  then the  energy  gap a c r o s s  the  B r i l l o u i n  p la n e  a lo n g  
th e  XL l i n e  would be e x p ec te d  to  be s m a l l .  I f  we suppose t h a t  t h e  gap 
i s  v a n i s h i n g l y  sm a l l ,  then the  o r b i t  co r re sp o n d in g  to  the  zone 4 ( a )  
sys tem may s h i f t  from o r b i t  £ t o  the  f r e a k  o r b i t  ( i ) .  This  p o s s i b l e  
a l t e r a t i o n  may be enhanced by the  magnet ic  f i e l d  in the  c a s e  o f  a non­
v a n i s h i n g  energy  gap and in t h i s  ca se  the  e x i s t e n c e  o f  the  f r e a k  o r b i t
OO
( i )  i s  p o s s i b l e .  This  has been sugges ted  by Gold and P r i e s t l e y .
5 "39 40 41Such an e f f e c t  i s  b e t t e r  known now as  m agnet ic  breakdown, '  * where
Bragg r e f l e c t i o n  on a B r i l l o u i n  p lane  may f a i l  i f  the  c o n d i t i o n
fru »  aA2/ E p (5 4 )
is  re ached .  Here a  ~  1, A i s  th e  energy  gap, Ep i s  the  Fermi energy ,  
and co th e  c y c l o t r o n  f r eq u en cy  o f  the  o r b i t i n g  e l e c t r o n s .  Let us suppose  
t h a t  the  energy  gap i s  sm al l  a lo n g  the  XL l i n e  (pz = 0 ) ,  and has t h e  
smal l  v a lu e  A(pz = 0) = Aq a t  t h e  i n t e r c e p t  o f  the  XL l i n e  with  the  
f r e e  e l e c t r o n  Fermi sp h e re .  At a n o th e r  p o i n t ,  o f f  the  b a s a l  p lane  
(pz /  0)* i t  would be expec ted  t h a t  A would i n c re a s e  as p is  in c re a s e d .
p
I t  may be su g g es te d  t h a t  A w i l l  in c r e a s e  as  A = Aq + Bpz , and t h e r e f o r e ,
the  c o n d i t i o n  fo r  m agnet ic  breakdown becomes:
ehHE_ 1 /2  > . , q 2 /K(.x
/ I )  ^  Ai + Bp . (55)
v mca 7
For sm al l  v a lu e s  o f  A, a smal l  s l i c e  o f  zone around the  b a s a l  p lane  may
be s u b j e c t  t o  the  m agnet ic  breakdown p r o b a b i l i t y  w i th  a th i c k n e s s
2 Ap such t h a t  r z





^ R. W. S t a r k ,  Phys. Rev. L e t t e r s  %  482 ( 1962)5 a l s o  in 
"Magnetic  Breakdown E f f e c t s  in t h e  Galvanomagnetic p r o p e r t i e s  o f  Z inc"
( to  be p u b l i s h e d ) .
40 L. M. F a l i c o v  and P. R. S i e v e r t ,  1'M agne to res is tance  and Magnet ic  
Breakdown," (u n p u b l i sh e d ) .
41
R efe rences  39 and 40 c o n t a i n  a comprehensive s e t  o f  r e f e r e n c e s  
on m agnet ic  breakdown.
For t h i s  sm al l  s l i c e  of  t h i c k n e s s  2 A p^ t h e  most p ro b ab le  s i t u a t i o n
would be a s  shown in th e  l a r g e s t  zone [zone  3 + zone 4 ( a ) ]  w i th  f r e a k
ho le  o r b i t  ( i ) .  This  would have t h e  e f f e c t  o f  i n c r e a s i n g  t h e  number
o f  h o le s  by the  amount (2c / a )  (Apz / p Q) h o le s  pe r  atom, an amount which
i s  a r e l a t i v e l y  sm al l  q u a n t i t y  w i th  a lm o s t  no f i e l d  dependence.  Hence,
i t  would be d i f f i c u l t  to  a s s e r t  i t s  p r e s e n c e  in th e  c r ^  b e h a v io r .  But
th e  s u p p o s i t i o n  o f  complete  breakdown in t h e  s l i c e  o f  zone o f  th i c k n e s s
2 Ap^ is  on ly  an over  s i m p l i f i c a t i o n ,  and  i t  would be expec ted  t h a t
a p a r t i a l  breakdown should  take  p l a c e ,  m o s t ly  in the  upper and the  lower
p a r t s  o f  the  s l i c e .  The o r b i t s  a r e  then  a random s u c c e s s io n  of  p a r t s
4-2o f  o r b i t s  C and 5 ,  thus  c au s in g  a random walk o f  t h e  e l e c t r o n s ,  t h i s  
random motion be ing  e q u i v a l e n t  to  p a r t l y  compensated ho le  and e l e c t r o n  
o r b i t s  and open o r b i t s .  The breakdown s i t u a t i o n  (with  A as  a f u n c t io n  
o f  pz ) would then lead t o  an a lm o s t  f i e l d  independent  number o f  open 
o r b i t s  and a f i e l d  independent  term in t h e  c r ^  c o e f f i c i e n t s .  I f  we 
a s s i g n  an e f f e c t i v e  mass m = mQ to  the  randomly w alk ing  e l e c t r o n s ,  
m agnet ic  breakdown should  a f f e c t  a p p ro x im a te ly  .01  e l e c t r o n  pe r  atom 
t o  e x p l a i n  the  a sy m p to t ic  b e h av io r  o f  n e v e r t h e l e s s ,  t h e r e  s t i l l
remains doubt whether  the  a s y m p t o t i c i t y  o f  cr^j i s  due to  breakdown or 
s im ply  to  misa l ignm ent .
O s c i l l a t i o n s  i n the  Galvanomaqnetic  and the  
Thermomagneti c E f f e c t s
1. Li f sh i  tz -Kosev?ch Theory f o r  and (Tj
The o s c i l l a t i o n s  seen in the  Hall  conduct i  vi ty  c r ^  a t  h igh magnet ic
f i e l d s  under L i f s h i t z - K o s e v ic h  th e o ry  w i l l  imply t h a t  a t  l e a s t  one of
^ A .  B. P ippa rd ,  Proc .  Roy. Soc. (London) A270. 1 (1962) -
th e  bands w i l l  be under non a sy m p to t ic  c o n d i t i o n ,  because  o th e r w i s e
under the  a sy m p to t i c  c o n d i t i o n  of  a l l  t h e  bands,  the  c l a s s i c a l  m o b i l i t y
±ecH(H^ + H.^) * reduces  t o  q*? = q ! ^  = ± ec/H f o r  H »  H. .  Assuming 
J mj J J s
the  t ime of  r e l a x a t i o n  independent  of  en e rg y ,  Eq. ( I 7 ) becomes
<J
Z.
12 L.K. = e c  ? ?  ( .,2' J Hc + H. 2 H2 + H.





and Z = L  Z.
The o s c i l l a t i o n s  s t u d i e d  c o r re spond  t o  band j  = 2 and i t  i s  supposed 
t h a t  band i = k  is  t h e  on ly  unasym pto t ic  band, w i th  f u r t h e r  s i m p l i f i c a ­
t i o n ,  Z j ,  Zg, Z^ «  Z^. Thus Eq. (19) becomes
2
~  I ec /__
12 L.K. “ H ,,2
H,
H + H,
\ ~  
"2 2 (58)
where n^ i s  g iven  by Eq. (26 ).
The c o e f f i c i e n t  o r^  can be w r i t t e n  in  a s i m i l a r  manner as  above:
a 11
a.H.H e c ~  4 q.
L.K.-  M  H n2 h2 + H 2 (59)
where in t h i s  c ase  we use ( - )  f o r  ho le s  and (+) f o r  e l e c t r o n s  in the  
unsym pto t ic  band. S ince  i = k  i s  our  e l e c t r o n  band, t h e  s i g n  (+) i s  
expected*






= a (60 )
In our  p r e s e n t  com puta t ion  was taken  as  2 kG. The o s c i l l a t o r y  number 
o f  c a r r i e r s  'rig f o r  th e  c y l i n d r i c a l  scheme has been computed u s in g  Eq. (26 ) .  
In s p i t e  o f  th e  e x t e n s i o n  o f  the  L i f s h i t z - K o s e v ic h  th e o ry  to  t h e  c y l i n d r r
•3
c a l  scheme th e  t h e o r e t i c a l  am p l i tu d e s  a r e  250 and 10J t imes s m a l le r  
than th e  e x p e r im e n t a l  am p l i tu d e s  f o r  and c r ^ ,  r e s p e c t i v e l y .  This 
p o i n t s  ou t  th e  inadequacy o f  t h e  t h e o ry ,  which has a l s o  been s e e n  when 
a p p l i e d  t o  in  z i n c ,  J  c r ^  in b ismuth ,  and ( J ^  in antimony. ^
2. Zi 11 berman-Horton T h eo r ie s  f o r  ( 7 ^ ,  C7^ ,  e1̂  and e1̂
Equa t ions  (29) through (32) were used to  compute the  t h e o r e t i c a l
am p l i tu d e s  o f  o s c i l l a t i o n  o f  Zi 1 1 berman-Horton f o r  o ^ ,  cr , ar>d
/*w
e l2* *n berman-Horton t h e o r i e s ,  the  o s c i l l a t i o n s  due to  a p a r t i c u l a r  
c a r r i e r  depend on the  c h a r a c t e r i s t i c  p a ram ete rs  of t h a t  c a r r i e r  a lone ,  
which in t h i s  c a se  a r e  th e  l i g h t  ho le -band  (j = 2 ) pa ram ete rs .  The 
s a t u r a t i o n  f i e l d  f o r  t h i s  band i s  Hs = 119 Gauss, and Pj = 5-8 x  10 V g .  
^ l *  a l 2 } ’ e l l j '  ant* e l2 j  were comPu t e d us ing  the  fo l low ing  forms:
a ecn  H
'  (6 1 )
e c n 0H
" I 2j = —  '  <62>
1 H 
e'jjj = -  j  k‘ cTc2 H2 Z2 ;
-VSj  -  -  5  v 1  b2  'z 2  • ^
In th e  above e q u a t i o n s ,  i t  was assumed t h a t  Hg «  H.
Tables  IV, V, VI, and VII show th e  t h e o r e t i c a l  Zi 11 bermann-Horton
58(1963)
Zf3
G re n ie r ,  Reynolds and Zebouni,  op.. ci t .
^ C .  G. G ren ie r ,  J .  M. Reynolds,  and J .  R. S y b e r t ,  Phys. Rev. 132,
a m p l i tu d e s .  The compar ison w i th  the  e x p e r im e n ta l  am p l i tu d e s  show t h a t  
the  Zi I 1 berman-Horton a m p l i tu d es  f o r  a r e  200 t i m e s , f o r  c r ^  a r e  
2 x 10^ t im es ,  f o r  e ' j j  a r e  10^ t im es ,  and f o r  e'jg a r e  10^  t imes  s m a l l e r  
than th e  c o r r e sp o n d in g  e x p e r im e n ta l  a m p l i tu d e s .
As p o in t e d  ou t  b e f o r e ,  th e  Z i 1 1berman-Horton t h e o r i e s  a r e  a p p l i c a b l e  
on ly  to  s p h e r i c a l  Fermi s u r f a c e s  an d .h en c e  t h e i r  t h e o r i e s  need to  be 
ex tended  to  t h e  c y l i n d r i c a l  Fermi s u r f a c e s .  This  e x t e n s i o n  w i l l  most 
p robab ly  b o o s t  the  t h e o r e t i c a l  v a lu e s  to  th e  r i g h t  o r d e r  o f  magnitude .
3 . Compari son of  H or ton1s and Li f s h i  tz -Kosevi c h 1s Theory
L i f s h i t z - K o s e v i c h ' s  e x p r e s s i o n  o f  f o r  s p h e r i c a l  Fermi s u r f a c e
is  g iven  by
a i 2
X: H, 2
^ - 3 ^ 3 / 2  J L 1  . (6 5 )
L. K. H K c s i n h  X. u2
J H
Comparing w i th  H o r to n ' s  e x p r e s s i o n  of  c r ^  (Eq. 30) we ge t
CT12 Horton ... H_ _ .
<Ĥ > (ps h) _ • (66)
a 1 3 4
12 L. K.
Comparison of  Horton and L i f s h i t z - K o s e v i c h  t h e o r i e s  shows t h a t  the  
former th e o ry  p r e d i c t s  am p l i tu d e s  abou t  5 t imes l a r g e r  than  th e  l a t t e r .
I t  should  be p o in t e d  ou t  t h a t  t h i s  comparison between the  two 
t h e o r i e s  is  f o r  s p h e r i c a l  Fermi s u r f a c e  on ly  and hence i t  does not app ly  
t o  our case .
Iir
G. N. Rao, N. H. Zebouni,  C. G. G re n ie r ,  and J.M. Reynolds,  
Phys. Rev. J ^ ,  A141 (1964).
k .  Adams and H o l s t e i n ' s  Theory
Adams and H o l s t e i n i s  th e o ry  leads  t o  a ffj j  o s c i l l a t o r y  term
which i s  made up o f  two p a r t s — the  f i r s t  p a r t  i s  i d e n t i c a l  t o  the
Z i l 'b e rm a n  and Horton term e x ce p t  f o r  th e  b roaden ing  c o e f f i c i e n t
exp (-2itMy) and i s  g iven as Act^ in Eq. (3 7 ) (a num er ica l  e r r o r  o f  2
in t h e  c o e f f i c i e n t  of  the  i n i t i a l  Adams and H o l s t e i n  th e o r y  has been
19 20p o in te d  o u t  by s e v e r a l  a u t h o r s ,  * and has  been c o r r e c t e d  in  E q . ( 37) ) .  
For the  purpose  o f  the  p r e s e n t  work,  th e  b roaden ing  term w i l l  not 
s e n s i b l y  modify the  r e s u l t s  of Z i l 'b e rm a n  and Horton, so t h e  f i r s t  
term of  Adams and H o ls te in  p r e s e n t l y  l e ad s  to  the  same e x p r e s s i o n  as  
Z i 1 1bermanrand Horton. Thus, the  column o f  cr in Table  IV can11j l .  n.
a l s o  be read as  the  f i r s t  term of  Adams and H o l s t e i n .  The second term, 
Act^, o f  Adams and H o l s t e i n ' s  th e o ry  (Eq. 3 8 ) i s  a l s o  a p p l i c a b l e  on ly  
fo r  the  c a se  o f  a s p h e r i c a l  Fermi s u r f a c e .  This  term is i d e n t i f i e d  in
rw  I
the  Table  IV as  O'j j L  ^ • I t  maY t»e seen t h a t  t h e  am p l i tu d e  due to  
the  Acr term is  an o rd e r  of  magnitude s m a l l e r  than  t h e  Act̂  te rm and 
hence i t  is  no t expec ted  to  p lay  an im por tan t  r o l e  in e x p l a i n i n g  the  
ex p e r im en ta l  r e s u l t s .
/*SJ
5 . Osci l l a t i o n s  i n the  The r m o e l e c t r i c  C o e f f i c i e n t s  e'j'j, e ' ^ ,  and the  
Dens i tv  o f  S t a t e s
Assuming o s c i l l a t i o n s  in  the  d e n s i t y  o f  s t a t e s ,  we s t u d i e d  the  
a m p l i tu d es  o f  o s c i l l a t i o n s  in e1̂ ,  and e'j'j u s in g  Eqs. (kO) and ( 4 l ) .
The o s c i l l a t o r y  p a r t  was assumed t o  be due to  th e  band j  = 2 on ly .
Eq. (26) was used to  compute n . .  Tables  VI and VII show t h a t  the  
t h e o r e t i c a l  am p l i tudes  of a re  400 t im es  and e 'jj  a r e  10 t imes  s m a l le r  
than t h e i r  c o r re sp o n d in g  ex p e r im en ta l  a m p l i t u d e s .
In compar ing th e  e1̂  and e ' ^  v a lu e s  f o r  the  c y l i n d r i c a l  c a s e  w i th  
those  e x p ec te d  from Z i l 'b e rm a n  and H o r to n ' s  th eo ry  f o r  s p h e r i c a l  c a s e ,  
i t  s h o u ld  be remembered t h a t  most p ro b a b ly  the  s p h e r i c a l  c a s e  l e ad s  t o  
a v a l u e  o f  an o rd e r  o f  magnitude  s m a l l e r  than the  c y l i n d r i c a l  c a s e .  Th 
c o n s i d e r a t i o n  w i l l  most c e r t a i n l y  make e'j'j A B v a lu e s  l e s s  ad equa ted • s •
than th o s e  ex p ec ted  from Z i l 'b e rm a n  and Horton th e o ry j  however,  t h e  
c o n t r a r y  would be t h e  most l i k e l y  c a se  in the  e'j'g r e s u l t s .
TABLE I I I
The Tempera ture  term X /s in h  X as  a Func t ion
Q
o f  F i e l d  and Tempera ture
T X X / s i n h  X X X / s i n h  X X X / s i n h  X
k .  2°K k .  Ik •137 3-89 .158 3 .6 7 .1 8 2
3-2°K 3-16 .271 2 .96 • 307 2 .80 • 3^2
2 . 1°K 2 .0 7 •531 1.95 .566 1.83 .603
1.55°K 1-53 .680 l . k k •723 1-35 .750
X /s in h  X i s  th e  t e m p e ra tu re  dependent term o f  the  d i f f e r e n t  
t h e o r i e s  o f  a c o n d u c t i v i t y  o s c i l l a t i o n s .  X = 2rt^KT/p*H was computed 
from the  v a lu e s  o f  0*  = 20 .26  x 10"2°ergs/G  and th e  chemica l  p o t e n t i a l  
C = 3*^9 x 10” *3ergs found from a p l o t  o f  l n ( a / T )  vs T (F ig .  19).
TABLE IV
Comparison o f  O j ^  w i th  d j , ^ ,  o n | ZH and 
^ 111 AH aS *r u n c t ' ons Tempera ture  and Fielrf8
H(kG)
4.. 2°K 3.. 2°K
^ l l j e x p CTl l | LK a i l | z H a  111 AH CTl l | e x p a l l | LK * l l | z H CTl l |  AH
15*5 4300 19.8 24.1 6 .1 8400 39* 2 4 7 .7 12
16.5 6200 21.4 25*0 6 .5 9200 41. 6 4 8 .8 12.6
17*5 73OO 23*3 26 .6 7*1 12000 43* 8 5 0 .0 13*4
2 . 1°K 1.55°K
/V I AJ (V
0 11 exp 0 11|LK a l l ZH a i l AH a i l exp 11 LK ffl l ZH 0 11
15*5 16000 7 6 .7 93*5 2 3 .6 I78OO 9 8 .2 119*7 2 8 .2
I 6 .5 16800 76 .8 90.1 23*3 I72OO 9 8 .1 115.1 29*8
17*5 17500 77*3 88.1 23*5 17300 96 .1 109.6 29*3
a Comparison o f  the  am pl i tudes  o f  o s c i l l a t i o n  in th e  e l e c t r i c a l  
c o n d u c t i v i t y  c o e f f i c i e n t s  | ^ n | e x p  w i th  th e  L i f s h i t z  and Kosevich theo ry  
^ l l l L K  5 9 ) j Zi I 1 berman-Horton th e o r y  ^ n | z n  (Eq. 29) ,  Adams and
H o l s t e i n  theo ry  otjj ^  (Eq. 37)* Note: The f i r s t  te rm, Acri, o f  Adams and
H o l s t e i n  i s  the  same as Zi lberman and Horton. The second term o f  Adams 
and H o l s t e i n ,  Acrg* (Eq* 38a) i s  g iven  a s  I ^ h IaH* The f f n ' s  a r e  g iven  
in (ohm-cmf* u n i t s .
TABLE V
Comparison o f  ^ i 2 |exp w i t ^ ^ 1 2  LK' ^ ^ H o r  and O s c i l l a t i o n s  in 
th e  Magnet ic  Breakdown Param eters  as Func t ions  o f  Tempera ture  and
F i e l d 3
H(kG)
( V  ■
I 2 |exp
2 . 109K 
CT12|LK 0 12 Hor
/ V  1
a l 2 |exp a i2|LK
1.
a i 2
55°K 3  
Hor n/cm Ap /p  Kz *o
15*5 9000 5 -5 4 .0 10000 7 .0 5*2 0 . 9 7 x l 0 19
-42 . 7x 10
I 6 .5 10000 5 - 2 3- 'J 11000 6 .6 4 . 7 i : i 3x i o 19 3-3X10"4
17-5 10500 4 .9 3-i2 10000 6 .1 4 .1 1. 10x 1019
“43 . 2x 10 *
0 # # 
Comparison of  t h e  am pl i tudes  o f  o s c i l l a t i o n  in th e  Hall  c o n d u c t i v i t y
c o e f f i c i e n t s  cfj2 eXp wi th  the  Li f sh i  t z -K o sev ich  th e o ry  (Eq. 58 ) ,  Horton
t h e o r y  (Eq. 30 ) .  The n/cm^ i s  th e  o s c i l l a t o r y  number o f  exces s  e l e c t r o n s  
and Ap / p  i s  th e  am pl i tude  v a r i a t i o n  o f  t h e  th i c k n e s s  2&p in t h e  magnet ic  
breakdown°case .  The a j 2 *s a r e  9 ' ven ' n (ohm-cm)"* u n i t s .
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C o m p a r i s o n  o f  th e  am p l i tu d e s  o f  o s c i l l a t i o n  in the  Nerns t -  
E t t in g h au s e n  k i n e t i c  c o e f f i c i e n t  eVpl w i th  the  am pl i tudes  o f  o s c i l l a  
t i o n  in the  d e n s i t y  o f  s t a t e s / c ' ^  ex^(Eq. 4 0 ) ,  and H o r to n ' s  theory
e j g l n o r '  3 2 ) , e j g ' s  a r e  g iven in (amp/cm°K) u n i t s .
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a Comparison o f  the  am pl i tudes  o f  o s c i l l a t i o n  in t h e  e x p e r im e n ta l
k i n e t i c  t h e r m o e l e c t r i c  c o e f f i c i e n t  eV, I w i th  the  a m p l i tu d e s  o f11/ e x p  r
o s c i l l a t i o n  in the  d e n s i t y  o f  s t a t e s  e^11ds ^ 9 *  anc* t îe Z i l 'b e r m a n
Horton th eo ry  Vj j | ZH (Eq* 31)* The ' s  a r e  g iven  in (amp/cm°K) u n i t s .
6. O s c illa t io n s  Associated to  the Hagnetic Breakdown
The compar ison o f  the  t h e o r e t i c a l  am pl i tudes  o f  o s c i l l a t i o n s
computed from d i f f e r e n t  t h e o r i e s  w i th  t h e i r  c o r re sp o n d in g  ex p e r im en ta l
a m p l i tu d e s  have shown t h a t  t h e  former f a l l  s h o r t  o f  th e  l a t t e r  in most
c a s e s  by two o r d e r s  o f  m agni tude ,  as  f o r  example,  ' s abou t
1500 t imes  s m a l l e r  than  c r . J  : f f . - l - u  i s  abou t  150 t imes  s m a l l e r  than12 e x p '  1 1 'ZH
“^ e x p *  ^ d s  is ab0ut 1,00 tiraes Smaller th an ^12Uxp' and all lZH 
i s  abou t  800 t imes  s m a l l e r  than eV, | • However, th o se  t h e o r i e s  a r e11 6Xp•
in g e n e r a l ,  in b e t t e r  agreement  w i th  exper im en ts  in the  case s  o f
44  45 46 20b ismuth ,  an timony, and g r a p h i t e .  The only  o t h e r  known case
44where t h e  d i s c r e p a n c y  i s  l a r g e  i s  in z i n c .  I t  was recogn ized ,  in
th e  c a se  o f  z i n c ,  t h a t  t h e  m agne t ic  breakdown could  be made r e s p o n s ib l e
f o r  the  d i s c r e p a n c y  and t h a t  "Bragg t r a n s p a r e n c y "  which i s  s e n s i t i v e
to  Landau q u a n t i z a t i o n  induced the  l a r g e  and e1̂  o s c i l l a t i o n s  in
47z i n c .  1 The g e n e r a l  s i m i l a r i t y  between t i n  and z in c  has led  t o  the
s u g g e s t i o n  t h a t  a s i m i l a r  mechanism such as  m agnet ic  breakdown' in  z in c
48should  be he ld  r e s p o n s i b l e  f o r  th e  t r a n s p o r t  o s c i l l a t i o n s  in t i n .
The reason  f o r  the  s e n s i t i v i t y  o f  t h e  Bragg t r a n s p a r e n c y  a c r o s s  the  
3 rd  -* 4 t h  zone,  t o  the  Landau l e v e l  in the  3 rd zone i s  no t  w e l l  known; 
i t  i s  s u g g e s t e d ,  in  c a s e  o f  z i n c , ^  t h a t  in Formula (54) t h e  energy  gap 
A sho u ld  be an e f f e c t i v e  energy  c o n t a i n i n g  the  energy  s e p a r a t i o n  o f  the
46 J .  Long. P r i v a t e  Communication.
47'G re n i e r ,  Reynolds and Zebouni,  op,, ci t .
48 K. B o rd o lo i ,  C. G. G re n ie r ,  and J .  M. Reynolds,  B u l l e t i n  of 
American P h y s ic a l  S o c i e ty  8 , 110 (19o3)*
49 S t a r k ,  op., ci t .
Landau l e v e l  and t h a t  i t  modula tes  a s  t h e  Landau l e v e l s  c r o s s  the
Fermi l e v e l .  The s i t u a t i o n  in t i n  may d i f f e r  from z i n c  in the  way the
magnet ic  breakdown p r o g r e s s e s .  In z i n c  t h e  t r a n s p a r e n c y  a c r o s s  the
2nd and the  3 rd zones p ro b ab ly  i n c r e a s e s  in  a uniform manner over th e
whole s e t  o f  e l e c t r o n s  which a r e  s u s c e p t i b l e  o f  b re a k in g  through and is
completed near  25 kG. In t i n  th e  breakdown, as  p o in te d  o u t  in the
preceed ing  s e c t i o n ,  p r o g r e s s e s  and th e  t h i c k n e s s  Apz o f  th e  breakdown
s l i c e  i n c re a s e s  as  a f u n c t io n  o f  th e  f i e l d .  I t  has been sugges ted  t h a t
the  breakdown in t h i s  c a se  would change  4£ o r b i t i n g  e l e c t r o n s  i n t o
ho les  w i th  th e  f r e a k  o r b i t  ( i )  and p ro b a b ly  fo r  s i m i l a r  r e a so n ,  a s  in
z i n c ,  t h i s  s h i f t  from the  e l e c t r o n  b e h a v io r  t o  ho le  b e h a v i o r  w i l l
va ry  w i th  th e  magnet ic  f i e l d  in an o s c i l l a t o r y  manner,  and w i l l  cause
la rg e  o s c i l l a t i o n s  as  seen in t h e  CTj j  c o e f f i c i e n t .  I f  the  o s c i l l a t i o n s
in CTjg a r e  e x p re s sed  by th e  a sy m p t o t i c  v a lu e s  o f  (ec2n)/H where n
r e p r e s e n t s  t h e  o s c i l l a t o r y  number o f  e x ce s s  e l e c t r o n s ,  then the  va lues  o f
the  | n |  am pl i tudes  w i l l  be as  shown in  Tab le  V. These am p l i tu d es  a r e
o f  the  o rd e r  o f  5*0/0  o f  th e  p o p u l a t i o n  o f  th e  3§ Shubnikov-de Haas
c y l i n d e r s .  I f  the  r e s u l t s  can be e x p l a i n e d  a s  an o s c i l l a t i o n  in the
e f f e c t i v e  th i c k n e s s  (2^pz ) o f  t h e  breakdown s l i c e ,  then  th e  am pl i tudes
of  the  v a r i a t i o n  in t h i c k n e s s  can be g iven  a s  |Ap / p  I ,  where p = 2nh/az o o
and t h e i r  c o r re sp o n d in g  num er ica l  v a l u e s  a t  1.55°K a r e  g iven  in Table  V.
50This  s h i f t  i s  no t  a one t o  one c o r re sp o n d e n c e ;  f o r  example,  
when a f r a c t i o n  s o f  an e l e c t r o n  l o s e s  i t s  e l e c t r o n  c h a r a c t e r ,  a f r a c t i o n  
(1 -s )  ga ins  the  h o le  c h a r a c t e r .  The f r a c t i o n  is  eq u a l  to  th e  shaded 
s u r f a c e  a r e a  o f  the  b a s a l  4 ( a )  c r o s s - s e c t i o n  in F ig .  21. The lo s s  of  
s e l e c t r o n  and the  ga in  o f  ( 1- s )  ho le  c o r r e sp o n d s  t o  and i s  r e f e r r e d  to  
as  the  loss  o f  one e x ces s  e l e c t r o n .
The e x ces s  number o f  e l e c t r o n s  expec ted  from th e  f r e e  e l e c t r o n  approxima­
t i o n  i s  .kOk  e l e c t r o n / a t o m ,  whereas th e  v a lu e  o b ta in e d  from the  high 
f i e l d  e x t r a p o l a t i o n  o f  (Tj2 is  . 3*f e l e c t r o n / a t o m  (around 17 kG). I f  
these  v a lu e s  could  be t r u s t e d  and the  d i f f e r e n c e  be a t t r i b u t e d  t o  the  
magnet ic  breakdown s l i c e ,  then i t  would mean t h a t  the  e f f e c t i v e  t h i c k ­
ness  i&pz o f  the  s l i c e  would co rre spond  t o  ^ P Z/P Q ~  *055* This would 
show t h a t  th e  r e l a t i v e  am pl i tude  o f  the  s l i c e  th i c k n e s s  |Apz | /A pz would 
be o f  t h e  o r d e r  o f  .6  ° / o .
Bes ides  th e  e f f e c t  o f  th e  magnet ic  breakdown on the  o r ^  c o n d u c t i v i t y ,  
t h e r e  w i l l  be an e f f e c t  on the  (7^  c o e f f i c i e n t .  This e f f e c t  i s  compli ­
c a t e d  bu t  can be ana lyzed  in terms of  two extreme c a s e s .
In the  f i r s t  c a s e ,  i t  may be c o n s id e r e d ,  as  in th e  o r ^  c a s e ,  t h a t
~50th e  o v e r - a l l  v a r i a t i o n  in c o n d u c t i v i t y  induced by s*n e l e c t r o n s  w i th  a 
mobi l i  t y  =“ a^ iW H ^ shi f t i n g  i n t o  (1 -  s )n  h o le s  w i th  a mob i 1 i t y  =“ a^iW H^ 
w i 11 lead  to
sa H (1 -  s )a .H,
■ i „ [ - s - a ------------------------------ . (67)
11 12 H H
A f r e e  e l e c t r o n  approx im at ion  w i l l  p r e d i c t  c r ^  «  whereas t h e  
e x p e r im e n ta l  r e s u l t s  show <X^ > c r ^ .
The second case  w i l l  be t o  a s s o c i a t e  th e  o s c i l l a t i o n s  in (T^ to
th e  o s c i l l a t i o n s  in the  number o f  open o r b i t s  as caused by o s c i l l a t o r y
m agnet ic  breakdown. With nQ as  the number o f  open o r b i t s ,  Hq a s  a
s u i t a b l e  s a t u r a t i o n  f i e l d  f o r  an open o r b i t ,  (Hq & 2000 G) and cr^ as  
the  a sy m p to t i c  O'^^(H = 00) v a lu e ,  the  o s c i l l a t i o n s  in the  c o n d u c t i v i t y
AJ AJ
would be cr,. = or ecn /H = O’ n / n  . I t  i s  o f  i n t e r e s t  to  no te  t h a t  11 o  0 0  0 0 0
a t  1. 55°K t h e s e  o s c i l l a t i o n s  would c o r re spong  to  l n0 l / n0 w i th  v a lu e s  of
77
th e  o r d e r  o f  1 .3  ° / o  w h i le  i t  was shown t h a t  th e  expec ted  |Apz |/Apz 
v a lu e s  were a l s o  o f  the  same o r d e r  o f  magnitude  ( .6  ° / o ) .
The f a i l u r e  t o  e x p l a i n  the  e ' jj  and e1̂  o s c i l l a t i o n s  in terms of  
d i f f e r e n t  t h e o r i e s  could  a l s o  mean t h a t  t h e  o s c i l l a t i o n s  may be an 
e f f e c t  o f  th e  m agnet ic  breakdown, as  may be unders tood  from simple 
q u a l i t a t i v e  c o n s i d e r a t i o n s .  However, t h e r e  is  not a s imple  approach 
in  s i g h t  s i n c e  th e  o s c i l l a t i o n s  a r e  o f  s e v e r a l  o rd e r s  o f  magnitudes 
l a r g e r  than  th e  g ro s s  e f f e c t .  Thus, t h e r e  a r i s e s  d i f f i c u l t y  in ap­
p ro ach in g  t h e  problem th rough  th e  th e o ry  o f  o s c i l l a t i o n s  in the  d e n s i t y  
o f  s t a t e s .
7* The Tempera ture  Dependence o f  the  O s c i l l a t o r y  E f f e c t s  ?n the 
T r a n s p o r t  C o e f f i c i e n t s
The te m p e ra tu re  c o e f f i c i e n t  f o r  the  ga lvanomagnetic  e f f e c t s ,  
c h a r a c t e r i z e d  sometimes as  a t e m p e ra tu re  b roadening  term, i s  seen to  be 
common t o  bo th  c r ^  and O’j j j  independent  o f  the  theo ry  be ing  co n s id e red .
The q u a n t i t y  X /s in h  X, which ap p ea rs  in t h e  f i r s t  term of  th e  s e r i e s  
g iven  a s  a r e s u l t  o f  each th e o ry ,  would be the  on ly  tem pe ra tu re  depen­
den t  te rm i f  t h e  g ro s s  c o n d u c t i v i t y  is  t em pe ra tu re  independent ,  i . e .  i f  
th e  t e m p e ra tu re  c o r re sp o n d s  t o  th e  range in which the  r e s i s t a n c e  is  
r e s i d u a l .
I t  may be ex p ec ted  in the  case  o f  t i n  t h a t  the  g ross  e f f e c t  v a r i a t i o n  
w i th  t e m p e ra tu re  may be n e g le c t e d  as  a f i r s t  approx im at ion  and th a t  
a n o t h e r  a pp rox im a t ion  cou ld  be made by w r i t i n g  X /s inh  X ^^Xe ^  so as  to  
j u s t i f y  the  d e t e r m i n a t i o n  o f  t h e  0 v a lu e s  from th e  s lo p e  o f  the ln (a /T )  
vs T p l o t  (F ig .  19) from which Table  I I I  was c o n s t r u c t e d .  The a 
in l n ( a / T )  may r e p r e s e n t  t h e  am p l i tu d e  of o s c i l l a t i o n  in c r ^ ,  c r ^ ,  P j j ,  o r
p 12. I f  the  ga lvanomagnetic  o s c i l l a t i o n s  a r e  due to  m agnet ic  b re a k ­
down, then w i th  th e  p r e s e n t  t h e o r i e s  i t  w i l l  be d i f f i c u l t  t o  a s s e r t  the  
t em pe ra tu re  dependence of  t h e  e f f e c t .  I n t u i t i v e  f e e l i n g  leads  to  the  
b e l i e f  t h a t  the  t em p e ra tu re  b roaden ing  would a c t  in the  u sua l  way, 
such t h a t ,  the  X /s inh  X term shou ld  be a f a i r  guess  f o r  the  t em pe ra tu re  
law. I t  can be seen from th e  Tab les  IV and V t h a t  e x ce p t  f o r  a mis­
match of  the  o rd e r  of  magnitude  be tween the  e f f e c t  and the  t h e o r i e s ,  
t h e r e  i s  n e v e r t h e l e s s  a good r e l a t i v e  match t e m p e r a t u r e - w i se  w i th  the  
t h e o r i e s  which a l l  c o n t a i n  the  X /s in h  X te m p e ra tu re  term. The s t r a i g h t  
l i n e  p l o t  in Fig.  19 a g re e s  w i th  a c o n c lu s io n  t h a t  a X /s in h  X law is  
va 1 i d .
Thermal C o n d u c t iv i t v
The u sua l  way to  a n a ly z e  the  the rm al  c o n d u c t i v i t y  i s  t o  compare 
i t  w i th  t h e  galvanomagnetic  e f f e c t s ,  and i f  th e  Wiedemann-Franz law 
a p p l i e s  e x a c t l y  as  i t  does in t h e  c a s e  o f  z i n c ,  i t  may be concluded 
t h a t  the  s c a t t e r i n g  is  p o i n t  d e f e c t  type  and t h a t  t h e  l a t t i c e  c o n d u c t i v i t y  
i s  n e g l i g i b l e .  I t  may be seen  in th e  p r e s e n t  c a s e  t h a t  the  problem 
co m p l ica te s  i t s e l f  i f  the  Wiedemann-Franz law does not ap p ly  and many 
p o s s i b i l i t i e s  can be the  causes  o f  t h e  mis -match  as the  f i e l d  and 
tem pe ra tu re  dependent  Lorenz number, l a t t i c e  c o n d u c t i v i t y ,  and a 
p ro b ab le  u n i d e n t i c a l  e x p e r im en ta l  c o n d i t i o n  cou ld  combine t o  modify the 
a p p a r e n t  v a lu e  of  th e  Lorenz number. Among the  5 su g g es te d  approaches  
to  the  problem in Chapter I I I ,  the  n o t io n  o f  Lorenz t e n s o r  i s  ve ry  
tempting^ bu t  does not have any sound t h e o r e t i c a l  ground. I t  w i l l  be 
p r a c t i c a l  t o  e x p l a i n  the  mis-match i f  i t  i s  due to  t h e  e x p e r im en ta l  
mis-match of  th e  p r imary  c u r r e n t s .  Also tem pt ing  i s  th e  a n a l y s i s  of  a 
f i e l d  dependent  l a t t i c e  c o n d u c t i v i t y  c o e f f i c i e n t  o r  a t e n s o r  c o e f f i c i e n t .
I f  t h i s  p o s s i b i l i t y  is  not ru led  o u t ,  then  i t  would mean m a in ly  t h a t
the  phonon drag  cou ld  s t i l l  be an im por tan t  f a c t o r  in th e  c o n d u c t i v i t y
a t  t h o s e  low t e m p e r a t u r e s .  N e v e r t h e l e s s ,  t h e  most s e r i o u s  p o i n t  of
view, w i th  the  most t h e o r e t i c a l  s u p p o r t ,  would be thus  a s  g iven  as  the
f i r s t  a l t e r n a t i v e  in Chapter  II I  which concurs  w i th  the  d e f i n i t i o n  o f
a f i e l d  dependent Le j and Lorenz number. I f  th e  s c a t t e r i n g  i s  not
p u r e l y  l a t t i c e  d e f e c t  type ,  then the  e f f e c t i v e  t imes o f  r e l a x a t i o n  in
th e  thermal  and the  e l e c t r i c a l  c o n d u c t i v i t i e s  would be ex p ec ted  as
t x /Tct = a  < 1. I t  i s  then expec ted  t h a t  f o r  each band, th e  co r re sp o n d in g
' t h e r m a l '  and ' g a lv a n o m a g n e t ic '  s a t u r a t i o n  f i e l d s  would be in th e  r a t i o s
H. /H ,  = 1/tt and hence some c o n c lu s io n s  cou ld  be made:A cr
(1) When th e  c o n d u c t i v i t i e s  a r e  g iven  by Lorentz  terms as  in
Eq* (15)> th e  Lorenz number becomes:
Le l (H -  0) = a  Ln , (68a)
L . (H -  -  L , (68b)e l  a n *  '
L2 (H = 0 ) = a 2Ln , (68c)
L2 (H = «)  = Ln . (68d)
(2) When the  a sy m p to t i c  behav io r  o f  t h e  c o n d u c t i v i t y  i s  due to  
open o r b i t s ,  then
Lel (H  °°) = a  Ln *
The e x p e r im en ta l  r e s u l t s  shown in p a r t  in F ig .  11 f o r  Lg j and Lg
a t  4 . 2 0K and 3 . 2°K w i l l  be in e x c e l l e n t  agreement w i th  th o se  c o n c lu s io n s .
For both  t e m p e r a t u r e s ,  L . i n c r e a s e s  from a z e r o  f i e l d  v a lu e  < L r ’ e l  n
(Eq. 68a )  t o  a maximum va lue  >Ln (Eq. 68b) a t  i n t e r m e d i a t e  f i e l d s  and
80
d e c r e a se s  a t  h ig h e r  f i e l d s  (Eq. 68e ) .  Also  f o r  both t e m p e ra tu re s ,  Lg
in c r e a s e s  from a z e r o  f i e l d  v a lu e  < Ln (Eq. 68c) and reaches  an a sym pto t ic
*fc
v a lu e  (which w i l l  be c h a r a c t e r i z e d  by Ln ) a lmos t  equal  to  Ln (Eq. 68d ) .
More s p e c i f i c a l l y :
a t  4 . 2 %  L .(H = 0) = 0 .85  L =“ (-73)L* , (Eq. 68a)c i  n n
Le i  = 1*52 L -  ( • 7 3 ) _ 1L* , (Eq. 68b)
max
Le 2 (H = 0) = 0 .58  Ln “  ( - 7 3 ) 2 L* , (Eq. 68c)
Le 2 (H = 1 .2  Ln = L* ; (Eq. 68d)
a t  3 - 2%
Le l  = 1.33 L ~  ( . 87 ) 1/  , (Eq. 68b)
max
L 0 (H -  «) = 1.16 L = L* . (Eq. 68d)e 2 n n '  ^
The good f i t  above between th e  e x p e r im e n ta l  r e s u l t s  and Eqs. (68 )
becomes an a lm o s t  p e r f e c t  match when the  v a lu es  Lg(H -♦ 00) ( i . e .  Ln)
a r e  used in Eqs. (68 ) i n s t e a d  o f  Ln * The v a lu es  ob ta ined  f o r
a  = T^/Tg. a t  4 .2°K  and 3*2°K a r e  then .7 3  and . 87 , r e s p e c t i v e l y .  The
te m p e ra tu re  v a r i a t i o n  e x h i b i t e d  by CL i s  in  q u a l i t a t i v e  agreement with
the t h e o r e t i c a l  e x p e c t a t i o n  t h a t  a  -* 1 as  T -* 0°K.
The rep lacem ent  o f  Ln by Ln in Eqs. (68) may be j u s t i f i e d  by e i t h e r
o f  th e  two f o l lo w in g  remarks.
( l )  In th e  the rm a l  measurements ,  i t  may happen t h a t  some h e a t - l e a k
from the  h e a t e r  t o  t h e  b a th  would take  p l a c e  th rough  th e  l e ad s ,  the
r e s i d u a l  gas ,  r a d i a t i o n ,  o r  some unexpec ted  causes  so t h a t  the  value
Wj f o r  th e  h e a t  c u r r e n t  d e n s i t y  f low ing  through the  sample would be
o v e r e s t im a te d .  I f  t h i s  i s  so ,  then  the  v a lu es  o f  X 's  and L 's  would
a l s o  be o v e r e s t im a te d  by th e  same f a c t o r s .  The mismatch in Eqs. (68)
and i t s  c o r r e c t i o n  by th e  use o f  L' may i n d i c a t e  heat  leak  o f  the  o rde r
n '
o f  16 ° / o  or 13 ° / o  a t  4 .2°K and 3 .2°K, r e s p e c t i v e l y .
(2) The c h o ic e  o f  Ln t o  be 1 .16  -♦ 1 .2  t imes  t h e  ex p ec ted  va lue  
may have some t h e o r e t i c a l  ground in th e  co n ce p t  o f  th e  e f f e c t i v e  charge
£  Cl
e  o f  the  e l e c t r o n .  However, i t  i s  no t  known as  t o  how th e  e f f e c t i v e  
Lorenz number Ln w i l l  be r e l a t e d  t o  the  e f f e c t i v e  charge  e  . T e n t a t i v e l y ,
Ln can  be d e f in e d  by (rt / 3 ) ( k / e  ) from which an e v a l u a t i o n  o f  e can
A ^
be made by u s ing  th e  Ln e x p e r im e n ta l  q u a n t i t i e s .  The v a lu e  o f  e
=“ 0 .9 2  e  th e reb y  o b ta in e d  i s  in a normal range as  ex pec ted  from the
theo ry .
A A
A more .comple te  compar ison between the  c o n d u c t i v i t i e s  X and (7 o th e r  
than through the  r e l a t i o n s  (68) sho u ld  in c lu d e  a comple te  band a n a l y s i s  
o f  t h e  X c o e f f i c i e n t s  and th e  e s t a b l i s h m e n t  o f  a t a b l e  of m o b i l i t i e s  and 
band p o p u la t i o n s  s i m i l a r  to  Table II o b t a in e d  from the  band a n a l y s i s  of 
the  <J c o e f f i c i e n t s .
The a p p a r e n t  mismatch in am p l i tu d e s  between th e  o s c i l l a t o r y  
q u a n t i t i e s ,  such a s ,  Xj j , Xjg,  and ^ n ^ T  and (X^gL^ i s  m os t ly  c o r r e c t e d  
i f  the  r e l a t i v e  am p l i tu d es  o f  o s c i l l a t i o n  a r e  compared, i . e .
J r7
( ^ i j / 0" ij ,  e t c . ,  and i t  i s  t h e  e x p e c t a t i o n  of  a v a i l a b l e  t h e o ry .  '
^ See pape r s  of  L. M. F a l ico v :  The v e l o c i t y  and e f f e c t i v e  charge
o f  th e  p a r t i c l e s  nea r  the  Fermi s u r f a c e ;  E. A. S te rn :  The e f f e c t  o f
i n t e r a c t i o n s  on d e t e r m in a t io n  of  Fermi s u r f a c e s ;  and D iscu s s io n ,  p. 67 f f  
in The Fermi S u r fa ce ,  W. A. H a r r i so n  and M. B. Webb (New York: John
Wiley and SonTj i 960) .
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FIGURE CAPTIONS
Figure 1. Schematic r e p r e s e n t a t i o n  o f  th e  c r y s t a l  o r i e n t a t i o n
w ith  r e s p e c t  to  the magnet ic  f i e l d  and c u r r e n t .
Figure 2.  Schematic r e p r e s e n t a t i o n  o f  the c r y s t a l  h o ld er  w ith  the
thermometer and the  h ea ter  a t tach m en ts .
Figure  3* The t r a n s v e r s e  e l e c t r i c a l - m a g n e t o r e s i s t i v i  t y  and the
thermal magnetores i  s t i v i  t y  y ^  v e r s u s  the magnet ic  f i e l d  H a t  T = 4 .2°K.
^he s c a l e s  for  y . . have been a d j u s t e d  in the r a t i o  o f  L T, where L i s  11 J n ’ n
the f r e e - e l e c t r o n  Lorenz number.
Figure  k. The Hall  r e s i s t i v i t y  and the Righi-Leduc r e s i s t i v i t y
y^ j  v ersu s  the  magnet ic  f i e l d  H = 4 .2°K .  The s c a l e  fo r  y ^  i s  a d ju s te d
in the r a t i o  o f  L T where L i s  the  f r e e - e l e c t r o n  Lorenz number, n n
Figure  5* The o s c i l l a t o r y  components o f  e l e c t r i c a l  m a g n e t o r e s i s t i v i t y
p^j and the  Hall  r e s i s t i v i t y  p^^ v e r s u s  the magnet ic  f i e l d  H a t  T = 4 .2°K .
Figure  6 .  The e l e c t r i c a l  c o n d u c t i v i t i e s  <T^ and th e  thermal
c o n d u c t i v i t i e s  X jj  vers u s  the magnet ic  f i e l d  H a t  T = b.2°K, 3-2°K and
2 . 1°K. For the purpose o f  comparison w i th  the  e l e c t r i c a l  c o n d u c t i v i t i e s ,
the  thermal c o n d u c t i v i t i e s  a r e  p l o t t e d  as  X , . / L  T.11 n
Figure 7. The Hall c o n d u c t i v i t i e s  c r ^  and the Righi-Leduc  
c o n d u c t i v i t i e s  Xjg versu s  the magnet ic  f i e l d  H a t  T = 4 .2 °K ,  3*2°K,  
and 2 . 1°K. For the purpose o f  comparison w i th  the Hall  c o n d u c t i v i t i e s ,  
the Righi-Leduc c o n d u c t i v i t i e s  are  p l o t t e d  as  ^ i 2 ^ n ^ *
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Figure  8 . (a)  The o s c i l l a t o r y  components of  the  e l e c t r i c a l  c o n d u c t i ­
v i t i e s  v e r su s  the  m ag n e t ic  f i e l d  H a t  T = 4 .2°K, 3.2°K, 2 . 1°K, and 1.55°K. 
(b) The o s c i l l a t o r y  components o f  th e  thermal c o n d u c t i v i t i e s  X j j  ve r su s  
the  m agnet ic  f i e l d  H a t  T = 4 .2°K,  and 3*2°K. For th e  purpose o f  
comparison w i th  and t h e ' X j j  i s  p l o t t e d  as  T .  (c ) The
o s c i l l a t o r y  components o f  the  Hall  c o n d u c t i v i t i e s  c r ^  ve rsus  the 
magnet ic  f i e l d  H a t  T = 2 . 1°K, and 1.55°K.
Figure  $.  The e l e c t r i c a l  c o n d u c t i v i t y  (T^ v e r su s  the in v e rse
p
square  o f  th e  m agne t ic  f i e l d  1/H .
F igure  10. The p ro d u c t  o f  th e  magnet ic  f i e l d  H and the  Hall
2
c o n d u c t i v i t y  v e r s u s  the  in v e r s e  square  o f  the  magnet ic  f i e l d  - 1/H .
Figure  11. (a) The a p p a r e n t  1l o g i t u d i n a l 1 Lorenz numbers
v e rsu s  the  m agnet ic  f i e l d  H a t  T = 4.2°K, and 3 . 2°K. (b) The
' t r a n s v e r s e 1 Lorenz numbers L^ v e r s u s  t h e  magnet ic  f i e l d  H a t  T = 4 .2°K
and 3*2°K. ( c )  The c o r r e c t e d  l o n g i t u d i n a l  Lorenz numbers Lg j ve r su s  the
magnet ic  f i e l d  H a t  T = 4 .2°K  and 3*2°K. (d) The Lorenz t e n so r
c o e f f i c i e n t s  L j j  v e r s u s  t h e  m agne t ic  f i e l d  H a t  T = 4.2°K, and 3*2°K 
(in  broken l i n e ) .  (e) The Lorenz t e n s o r  c o e f f i c i e n t s  L ^  ve r su s  t h e
magnet ic  f i e l d  H a t  T = 4 .2°K  and 3*2°K. ( f )  The o s c i l l a t o r y  component
of th e  a p p a r e n t  Lorenz number Lj v e r s u s  the  magnet ic  f i e l d  H a t  T = 4.2°K.
Figure  12. The the rm a l  c o n d u c t i v i t i e s  Xj j  v e r su s  th e  e l e c t r i c a l
c o n d u c t i v i t i e s  (T^  a t  T = 4 .2°K, 3 ‘ 2°K and 2 . 1°K.
Figure  13* The l a t t i c e  c o n d u c t i v i t i e s  X^ ve r su s  the  magnet ic  f i e l d  
H a t  T = 4 .2°K, 3-2°K and 2 . 1°K as  de te rm ined  from Eq. (46).
F igure  14. (a) The l a t t i c e  thermal  c o n d u c t i v i t y  t e n so r  c o e f f i c i e n t s
X g i (X g n )  v e r su s  th e  m agne t ic  f i e l d  H a t  T = 4.2°K, 3*2°K and 2 . 1°K (Eq. 
47)* (b) The l a t t  i c e  c o n d u c t i v i t y  t e n s o r  c o e f f i c i e n t s  \ j 2 ^ \ j i 2  ̂ ve rsus
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th e  m agnet ic  f i e l d  H a t  T = 4 . 2 %  3 * 2 %  and 2 . 1°K (Eq. 47 ) .
F igu re  15. The a d i a b a t i c  t h e r m o e l e c t r i c  c o e f f i c i e n t s  e j j  and th e
E t t i n g s h a u s e n - N e r n s t  c o e f f i c i e n t s  v e r s u s  t h e  m agnet ic  f i e l d  H a t
T = 4 . 2 %  3 . 2 %  and 2 . 1°K.
F igure  16. The k i n e t i c  t h e r m o e l e c t r i c  c o e f f i c i e n t s  e'j'j and the
k i n e t i c  E t t i n g s h a u s e n - N e r n s t  c o e f f i c i e n t s  e 1̂  v e r s u s  th e  m agnet ic  f i e l d
H a t  T = 4 . 2 %  3 . 2 %  and 2 . 1°K.
F igure  17. <Jj2 v e r s u s  log H a t  T = 4 . 2°K. The broken l i n e
c u rv e s  a r e  r e p r e s e n t a t i v e  o f  e l e c t r o n  bands (Bands I ,  I I I ,  and IV)
and a ho le  band (band l l )  o f  a fo u r  band model.  The f u l l  l i n e  i s  the
combined e f f e c t  o f  th e  f o u r  bands.  The r i g h t  s c a l e  shows d i r e c t l y
-1  -3t h e  " t o t a l  m o b i l i t y "  of  t h e  bands a s  measured by n . /H .  in G cm .7 1 1
By " t o t a l  m o b i l i t y "  we mean the  p ro d u c t  o f  the  m o b i l i t y  by the  p o p u la t io n  
o f  th e  band.
F igu re  18. H a ^  v e r s u s  log H. The broken l i n e  c u rves  a r e  r e p r e s e n t a ­
t i v e  of  two e l e c t r o n  bands (band II I  and band IV) o f  a two band model.
The f u l l  l i n e  i s  the  sum o f  the  two bands.  The r i g h t  s c a l e  shows 
d i r e c t l y  the  a p p a r e n t  p o p u la t i o n  o f  t h e  bands a .n .cm  where a is  a 
weighing  f a c t o r  «  1.
F igure  19- Log (a/T)  v e r s u s  T where a i s  the  a m p l i tu d e  of  o s c i l l a t i o n s  
a t  H = 17 kG.
F igure  20. Reproduct ion  o f  Gold and P r i e s t l e y ' s  f r e e - e l e c t r o n  model 
o f  Fermi s u r f a c e  in the  reduced-zone  scheme. The p r i n c i p a l  d imens ions  
o f  t h e  zone a r e :
n. = &  , r x = k & ) ,  T W = LH = 1(3. -  £) <&), WH = (£) (£*),a ’ 2 a '  2 c a 'a  ’ a 'a  7
o o
where a = 5*82 A and c = 3*18 A.
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Figu re  21. The b a s a l  c r o s s - s e c t i o n  o f  Fermi s u r f a c e ,  in the  ex tended  
zone scheme
SELECTED BIBLIOGRAPHY
Adams, E .N .,  and T. D. H o l s t e i n ,  J .  Phys. Chem. S o l i d s  JjO, 254 (1959)*
A l e k s e e v k i i , N. E . ,  Y. P. Gaidukov, I .  M. L i f s h i t z ,  and V. G. P e s c h a n s k i i ,
J .  E x p t l .  T h eo re t .  Phys. (USSR) 39. 1201 ( 1 9 6 0 ) [ t r a n s l a t i o n :
S o v ie t  Phys .-JETP 12, 837 ( 1 9 6 l ) ] 7
B a la in ,  K. S . ,  Ph.D. D i s s e r t a t i o n ,  Louis iana  S t a t e  U n i v e r s i t y ,
(I960).
B o rd o lo i , K. C . , C. G. G ren ie r ,  and J .  M. Reynolds,  B u l l .  Am. Phys. Soc.
8, 110 ( 1963) .
C a l len ,  H. B.,  Phys.  Rev. J2j  1349 (1948) .
___________ t Phys.  Rev. 8^ ,  16 ( I 952).
Gantmakher,  V. F . ,  J .  E xp t l .  T h eo re t .  Phys. (USSR) k k ,  811 ( I 963) 
[ t r a n s l a t i o n :  S o v ie t  P h y s .— JETP J/£, k2  (1963)17
Gold,  A. V.,  and M. G. P r i e s t l e y ,  P h i l .  Mag. 1089 ( i 960) .
G re n ie r ,  C. G.,  N. H. Zebouni,  and J.  M. Reynolds,  Phys.  Rev. 129,
1088 (1963) .
Horton, P. B.,  Ph.D. D i s s e r t a t i o n ,  Louis iana  S t a t e  U n i v e r s i t y  (1964).
Hulm, J .  K., Proc.  Roy. Soc. (London),  A204, 98 (1950)*
Jan ,  J .  P . ,  in S o l id  S t a t e  P h y s ic s .  Vol.  5> F* S e i t z  and D. T u rn b u l l ,  
ed s .  (New York: Academic P res s  I n c . ,  1957)•
K a c h in s k i i ,  V. N., S o v ie t  P h y s .— JETP. 16, 8 18 ( I 963) .
Lev inger ,  A.S. and E. G r i n s a l ,  Phys. Rev. <54, 772 (1954).
Mackey, H. J . ,  Ph.D. D i s s e r t a t i o n ,  Louis iana  S t a t e  U n i v e r s i t y  (1964) .  
Onsager ,  L . ,  Phys. Rev. 21,  405 (1931)} 2265 (1931)*
Soule ,  D. E . ,  J .  W. McClure and L. B. Smith,  "A Study o f  t h e  Shubnikov- 
de Haas E f f e c t — D eterm ina t ion  o f  the  Fermi S u r face s  in G raph i te  
(u n p u b l i sh e d ) .
86
S ta r k ,  R. W., Phys.  Rev. L e t t e r s  <), 482 ( 1962) ,  and"Magnetic Breakdown
E f f e c t s  in t h e  Galvanomagnetic  P r o p e r t i e s  o f  Zinc"  ( t o  be p u b l i s h e d ) .
Wilson, A. H., The Theory o f  Meta ls  (Cambridge U n i v e r s i t y  P re s s ,  1953)>
2nd e d i t i o n .
Z i l 'b e rm a n ,  E . ,  S o v ie t  P h y s .— JETP 2, 650 (1958).
VITA
Ki ron Chandra Bordoloi was born In J o rh a t ,  Assam, India on October 1, 
193^* He was graduated from Nazira H. E. School, Assam, in 1951* He 
received the degree of Bachelor of  Science (Physics Hons.) in 1955
from the Unive rs i ty  of  Gauhati and the  degree of  Master of Science in
Physics in 1957 from the U n iv e r s i ty  of  C a lcu t ta .  He was a l e c t u r e r  in 
Physics a t  J.  B. College,  J o rh a t ,  Assam, from 1957 to  1958. He en te red  
the Graduate School of  Louis iana S t a t e  U n ive rs i ty  in 1958. He i s ,  
a t  p re se n t ,  an A s s i s t a n t  P ro fes so r  o f  Physics a t  the  U nive rs i ty  of
Southern M is s i s s ip p i ,  H a t t ie sbu rg ,  M is s i s s ip p i .  He is  now a cand ida te
fo r  the degree of  Doctor o f  Phi losophy in the Department of  Physics and 
Astronomy of  Louisiana S t a t e  U n iv e r s i ty .
88
EXAMINATION AND THESIS REPORT
Candidate: «i ron Chandra Bordoloi
Major Field: Physics
Title of Thesis: E l e c t r o n  T r a n s p o r t  Phenomena in Tin a t  Liquid Helium Temperatu res
Approved:
Major Professor aha Chairman
Dean of the Graduate School
EXAMINING COMMITTEE:
Date of Examination: 
Ju ly  28, 1964
